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ABSTRACT 
Design and Development of New Tactile Softness Displays for 
Minimally Invasive Surgery 
Mohammadreza Ramezanifard 
Despite an influential shortcoming of minimally invasive sugary (MIS), which is the lack 
of tactile feedback to the surgeon, MIS has increasingly been used in various types of 
surgeries. Restoring the missing tactile feedback, especially information which can be 
obtained by the palpation of tissue, such as detection of embedded lump and softness 
characterization is important in MIS. The present study aims to develop tactile feedback 
systems both graphically and physically. 
In graphical rendering approach, the proposed system receives signals from the 
previously fabricated piezoelectric softness sensors which are integrated with an MIS 
grasper. After processing the signals, the tactile information is displayed by means of a 
color coding method. Using the graphical images, the softness of the grasped objects can 
visually be differentiated. 
A physical tactile display system is also designed and fabricated. This system simulates 
non-linear material properties of different soft objects. The system consists of a linear 
actuator, force and position sensors and processing software. A PID controller is used to 
control the motion of a linear actuator according to the properties of the simulated 
material and applied force. 
i i i 
Graphical method was also examined to render the tactile information of embedded 
lumps within a soft tissue/object. The necessary information on the size and location of 
the hidden features are collected using sensorized MIS graspers. The information is then 
processed and graphically rendered to the surgeon. Using the proposed system surgeons 
can identify presence, location and approximate size of hidden lumps by grasping the 
target object with a reasonable accuracy. 
Finally, in order to determine the softness of the grasped object, another novel approach 
is taken by the design and fabrication of a smart endoscopic tool equipped with sensors 
for measuring the applied force and the angle of the grasper jaws. Using this method, the 
softness/compliance of the grasped object can be estimated and presented to the surgeon. 
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Humans have a remarkable ability to grasp and manipulate objects with their 
hands. We sense and interpret tactile stimuli from our environment and perform tasks 
with our hands in a nearly instinctual manner. The high level of dexterity is achieved 
through complex sensorimotor mechanisms utilizing visual and tactile information and 
the physical structure of the hand. Utilizing these abilities, humans can modulate grasp 
forces, precisely position objects, and detect fine surface features. Consider how easily 
one can screw in a light bulb. This action requires a delicate grasp to prevent breakage, in 
addition to careful control over insertion force and position to engage the threads. 
Humans are also capable of readily dealing with environmental uncertainty or adapting to 
environmental changes. Despite the obvious importance of tactile cues in our daily lives, 
the subject of tactile display for teleoperators, virtual reality, and more generally, 
human/machine interfaces, has only recently received significant attention. 
This thesis presents new methods of tactile sensing and display. The goal of this 
research is to bring the level of tactile sensitivity and acuity that humans possess to 
telemanipulators and other human/machine interfaces. A new method for measuring local 
object softness is presented based on a sensorized minimally invasive surgery (MIS) 
grasper. Such information is indispensable for coordinating finger motions for object 
manipulation. 
Devising a device to display the full sensation of contact continues to attract 
researchers. Most commonly, researchers present an abstraction of contact geometry and 
1 
pressure with a pin array tactile display. These devices recreate a reasonable reproduction 
of shape at the contact, but their large package size makes them impractical for use 
outside the laboratory. Rather than presenting the shape of the contact which is not useful 
in minimally invasive surgery (MIS), a more realistic approach of displaying its softness 
for MIS is proposed in this thesis. Results of experiments with human subjects 
demonstrate that it provides them with the cues necessary to ascertain object softness 
capabilities. 
1.1 Motivation 
To date, telemanipulation systems have relied heavily on vision feedback and 
have required experienced operators. It has been shown, however, that adding the sense 
of touch to these systems connects the operator to the remote environment, making the 
system more intuitive [1,2]. 
Similarly, for virtual reality, when advanced graphics and sound are augmented 
by force and vibration feedback, one's perception is altered and one becomes immersed in 
an artificial reality [3]. 
Last but not the least, is the influence of tactile feedback on minimally invasive 
surgery. Restoring the missing tactile information, especially the tissue palpation, will be 
a significant enhancement in MIS capabilities. 
1.2 Contributions 
The major contributions of this thesis are: 
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• A new sensor and mathematical framework for measuring local object softness 
via a force sensing resistor and a potentiometer are presented. The sensorized 
grasper is tested and its accuracy is determined in experiments. 
• A new approach to tactile display based on color coded graphical displaying the 
softness of objects for telesurgery and MIS operation is developed and tested. 
• An algorithm for one and two dimensional localizing and displaying the 
embedded lumps within the tissue using graphical display is presented. 
• A novel electromechanical tactile display for reproducing the softness of objects 
is developed and tested. 
1.3 Thesis outline 
This thesis is organized into five chapters. This chapter provides an introduction 
to and motivation for my research in tactile sensing and display and lists the contributions 
of this work. 
Chapter 2 provides relevant background in human tactile sensing and perception. 
The physical parameters and role of human mechanoreception are outlined. This chapter 
also provides an overview of the research works that have been done so far on haptic 
devices. The performance and effectiveness of these projects are briefly expressed. 
Specific attention is given to the methods employed in tactile displays. 
Chapter 3 introduces an approach for displaying the tactile information gathered 
from a pre-constructed softness sensor. The graphical tactile display employs the color 
coding technique in order to display different softness values on the monitor of computer. 
A prototype incorporating pre-constructed softness sensor into an MIS grasper was 
fabricated to experimentally validate the designed graphical display. In the second part of 
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this chapter, the graphical display is changed to adapt to another sensor in order to find 
and locate the embedded lumps within the soft tissue. Additional background on sensor 
design is provided in Appendix A. 
Chapter 4 reviews the design of current tactile displays and introduces the idea of 
displaying the material property of a series of elastomers to the users of telemanipulation 
and virtual reality systems. A prototype that renders the softness was designed and 
fabricated to verify the approach. Human subject testing was conducted with virtual 
environments to evaluate the device and the user's relevant perception. Additional details 
of the device design can be found in Appendix B. An in-depth derivation of the 
kinematics used in the curvature discrimination experiments can be found in Appendix C. 
Chapter 5 presents a softness sensor constructed by modifying an MIS grasper. 
The force applied by the hand to the grasper and the angle of the grasper tip were 
measured and plotted. Having the force-angle curve for a material, it was shown that the 
softness of the grasped material can be determined by defining a criterion. The proposed 
grasper was tested using different materials and the results showed that the proposed 
grasper was capable of determining the softness of the grasped object. 
Finally, Chapter 6 summarizes the results of this research and suggests future 
extensions of this work. 
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CHAPTER 2 
BACKGROUND AND RELEVANT WORKS 
Touch is one of the five human senses. However, when listing them, touch is 
usually the last one on the list. It is not surprising given the fact that sight and hearing are 
usually considered to be more important in our everyday lives. Nevertheless, touch and 
smell have always been very important to our existence since we have had to distinguish 
edible substances from those which are harmful and touch has enabled us to use tools 
with great dexterity. Therefore, from the point-of-view of touch, new applications should 
be studied and developed. Among those applications is the transmission of the actual 
sense of touch. Designing hardware in order to transmit the sense of touch to the human 
hand is a significant challenge. The primary reason is that our hands are extremely 
sensitive to even the smallest vibrations over a range from 10-100 Hz. To help define the 
design requirements of such hardware, it is important to understand the fundamentals of 
tactile sensing mechanisms. This will serve as a source of inspiration for improving 
tactile sensor designs. In addition, it will help to understand which signals are important 
to communicate and the extent to which they should be communicated. Although this 
knowledge is requisite, there is more to consider than simply the neurophysiology of 
touch. Our sense of touch is, in reality, a combination of tactile and kinesthetic 
information. The combination of cutaneous and kinesthetic sensing is referred to as 
haptic perception. At a higher level, it is the perception or interpretation of these signals 
that ultimately interests us. 
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2.1 Haptic Sense 
Two groups of physiological sensations are involved in the wide meaning of 
haptic sense. The first is the tactile sense where the receptors are located under the 
dermis. Tactile sense detects the information from the skin surface such as contact 
pressure or vibration. Another is the proprioceptive sense where the receptors exist in the 
muscle or in the tendon. 
2.1.1 Tactile Sensing and Human Mechanoreception 
The human hand contains a complex array of specialized receptors that are rugged 
enough to survive repeated impacts, while retaining the ability to detect faint vibrations 
and the softest touch. 
Skin surface 
Figure 2.1. Mechanoreceptors [4, 5]. 
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Four main types of tactile mechanoreceptors have been identified [6,7]. Each type 
is specialized to separate specific feelings such as pressure, shear, vibration, or texture 
[7]. The sensing element of each of these mechanoreceptors is very similar in that they 
possess physical packaging and position within the skin that is exclusively adapted to its 
purpose. Figure 2-1 shows a cross-sectional view of the skin on a human fingertip and the 
position of specialized touch receptors underneath the skin surface [4, 5]. The distribution 
of the mechanoreceptors on the palm is shown in Figure 2-2 [8-10]. 
Fast Adapting Mechanoreceptors 
Slowly Adapting Mechanoreceptors 
Figure 2-2. Distribution of the Mechanoreceptors. 
Mechanoreceptor types are divided into two categories based on their placement 
beneath the surface of the skin [5, 11]. Type I receptors (Merkel & Meissner) are located 
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near the surface of the skin between the epidermis and the dermis on the papillary ridges. 
Type II receptors (Ruffini & Pacinian) are located deeper beneath the skin in the dermis. 
Receptors that lie deeper beneath the skin have larger receptive fields. Correspondingly, 
fewer type II receptors are observed per unit area of skin. Receptors are further divided 
into fast adapting (FA) types and slow adapting (SA) types. FA types do not respond to 
static stimulus but only to skin indentation while the stimulus is changing. SA types 
exhibit a sustained discharge while a steady indentation is maintained. These two types 
are analogous to the difference between piezoelectric and piezoresistive sensing 
elements, respectively [10, 12]. However, unlike man-made piezoelectric and 
piezoresistive sensors which provide analog signals, biological mechanoreceptors encode 
their signals as a series of pulses, as shown in Figure 2-3, which are similar to digital 
serial communication. 
Static Response Present Nff Static RMPOTSg 
SA1 FAI 
Merkel Disk Meissner Corpuscle 
B i l l I IN I Ml -4HH 
Sensitive to Transitions 
SAI I FAII 
Ruffini Ending Pacinian Corpuscle 
1 / \_ 
+ 4 — -
Sensitive to Transitions 
Figure 2-3. Responses of the four types of mechanoreceptors to normal indentation of the skin [5, 9, 
10,12]. 
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Table 2-1 summarizes the characteristics of each mechanoreceptor and the 
physical parameters they measure [13]. 


































2.1.2 Proprioceptive sense 
Proprioceptive sense provides the inner information of the body, such as joint 
angle or muscle contractile force. Proprioception (from Latin proprius) means "one's 
own" and perception proprioceptive senses. It keeps track of primarily internal 
information about body position and movement through the combination of inputs from 
the Kinesthetic and Vestibular senses [14-17]. Kinesthesia informs about the position of 
body parts with respect to each other while the vestibular sense details the position of the 
body part to the world through sensing gravity and acceleration. 
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2.1.3 Requirements on Tactile Displays 
According to the high sensitivity of the human tactile sense at the fingertips, 
tactile displays must match different requirements concerning, for example, the distance 
of the stimulator elements, their displacement and exerted forces [18]. The most 
important capabilities of the tactile sense based on psycho-physiological investigations 
are summarized below. The two-point discrimination threshold describes the minimum 
distance of two stimulation points that a human can still distinguish. 
Figure 2.4. Values for the two-point discrimination threshold at different regions of the hand [19]. 
Its value at the fingertips is between 1 mm [20] and 2 mm [21] at vibrational 
stimulation. Figure 2.4 shows the two-point discrimination threshold at different regions 
of the hand given in [19]. For stimulation of the whole area of an average sized hand, 
including the palm and the fingers, a tactile display needs to have more than 1000 
stimulator elements. The maximum frequency of perceptible vibrations is 1000 Hz [22] 
in which the maximum sensitivity is at 250 Hz [21]. The maximum deformation of the 
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skin at the fingertips is 3-5 mm [23]. The pain threshold is at 3.2 N at a pin diameter of 
1.75 mm that corresponds to a pressure of 1.3 MPa [23]. The minimum perceptible 
deformation is between 0.07 mm [19] when the finger is allowed to move across a pattern 
and 2 mm [19] without relative motion. Moy et al. specifies the requirements on an ideal 
device for realistic tactile feedback [20] and that a tactile display should have 500 
mN/mm2 peak pressure, 4 mm stroke, 50 Hz bandwidth with an actuator density of 1 per 
mm2. 
An important requirement on tactile displays concerning a realistic feedback in 
haptic devices is the combination of kinesthetic and tactile feedback. The tactile sensation 
in real manipulation tasks depends on the current position of the human fingers and is 
always accompanied by kinesthetic sensations. For kinesthetic feedback there exist force 
feedback gloves that measure the finger positions for calculating the appropriate forces. 
A tactile display incorporated into a data-/force feedback glove would complete the 
haptic sensation. This demands a thin, flexible and lightweight tactile display that allows 
free movement of the hand and fingers. 
2.2 Minimally Invasive Surgery 
Minimally Invasive Surgery (MIS) is the practice of performing surgery through 
small incisions or "ports" using specialized surgical instruments in order to reduce the 
size of incisions required to gain access to internal tissues during surgery (see Figure 2.5). 
During conventional "open" surgery, significant trauma is created at the incision site 
which results in post operational pain and discomfort [24-26]. By contrast, MIS 
procedures result in reduced bleeding, discomfort, improved patient recovery time, and 
reduced cost. 
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Figure 2.5. Access to internal tissues during surgery 
However, MIS is more of a difficult technical procedure for the surgeon for which 
they are required to train extensively due to the lack of advanced tools and instruments. 
MIS is, therefore, limited to a number of relatively simple procedures such as 
cholecystecomy [27] (gall bladder removal) for which there is actually a consensus 
within the medical fraternity that such practice is in fact beneficial. Due in part to the 
changing landscape of medical reimbursement in the United States, there is a substantial 
push from medical subscribers, and their allied organizations, to introduce MIS to other 
procedures in order to reduce hospital confinement and incumbent cost. Recoveries are 
typically quicker and less painful by virtue of which more patients are demanding them. 
Perhaps the most common form of MIS is laparoscopy [28-30], which is 
minimally invasive surgery within the abdominal cavity. A rapidly emerging field is MIS 
cardiac surgery for coronary artery bypass graft surgery. During laparoscopy, a patient's 
abdomen is insufflated with C02, and cannulas (essentially metal tubes) in which 
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pneumatic check valves are passed through small (approximately 1-2 cm) incisions to 
provide entry ports for laparoscopic surgical instruments. The instruments include an 
endoscope for viewing the surgical site (a CCD camera/lens combination with slender 
shaft), and tools such as needle driver, graspers, scissors, clamps, staplers, and 
electrocauteries. The instruments differ from conventional instruments in that the 
working end is separated from its handle by an approximately 30cm long, 4-13 mm 
diameter shaft (Figure 2.6) [31]. 
FIGURE 2.6. Commonly used needle driver for minimally invasive surgery 
The surgeon passes these instruments through the cannula and manipulates them 
inside the abdomen by sliding them in and out, rotating them about their long axis and 
pivoting them about centers of rotation defined roughly by their incision site in the 
abdominal wall. Typically, a one-degree-of-freedom device (gripper, scissors, etc.) can 
be actuated with a handle via a tension rod running the length of the instrument. As 
shown in Figure 2.7, the surgeon monitors the procedure by means of a television 
monitor which displays the abdominal worksite image provided by the laparoscopic 
camera. 
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Figure 2.7. The surgeon monitors the procedure by means of a television monitor 
There are several disadvantages to the current MIS technology [24,25, 32,33, 34]. 
1. Visualization of the surgical site is reduced. The operating site is viewed on an 
upright, two-dimensional video monitor placed somewhere in the operating room. The 
surgeon is deprived of three-dimensional depth cues and must learn the appropriate 
geometric transformations to properly correlate hand motions to the tool tip motions. 
2. The surgeon's ability to orient the instrument tip is reduced. The incision 
point/cannula restricts the motions of the instrument from six DOF to four. As a result, 
the surgeon can no longer approach tissue from an arbitrary angle and is often forced to 
use secondary instruments to manipulate the tissue in order to access it properly or to use 
additional incision sites. Suturing becomes particularly difficult. 
3. The surgeon's ability to feel the instrument/tissue interaction is virtually 
eliminated. The instruments are somewhat constrained from rotating and sliding within 
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the cannula due to sliding friction from the air seal, and the body wall constrains pivoting 
motions of the instrument shaft. The mechanical advantage designed into MIS 
instruments reduces the ability to feel grasping/cutting forces at the handle [34-38]. 
Despite the surgeon's considerable skill and ability to work within the constraints of the 
current MIS technology, the expansion of minimally invasive medical practice remains 
limited by the lack of dexterity with which surgeons can operate while using current MIS 
instruments. 
2.3 Tactile Displays 
A tactile device is a man-machine interface that can reproduce as accurately as 
possible tactile parameters such as the texture, roughness, temperature, and shape. Such 
systems find applications in virtual environments (applications based on the virtual 
reality technology) and teleoperation applications [39,40]. 
This chapter aims to overview what has been achieved so far in this field and to 
summarize the different specifications that may help in the consideration of tactile 
interface development. 
A classification in terms of application domains has been defined in order to 
present the different tactile interfaces. The different applications are listed below: 
• Teleoperation and telepresence; 
• Laboratory prototypes to study the different tactile parameters; 
• Sensory substitution; 
• 3D surface generation; 
• Braille systems; 
• Games. 
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From the technological point-of-view, tactile stimulation can be accomplished in 
different ways. Technologies used for virtual environment (VE) systems were inspired 
from matrix pin-printers technologies and Braille systems for the blind. Solutions based 
on mechanical needles actuated by electromagnetic technologies (solenoids, voice coils), 
piezoelectric crystals, shape memory alloys, pneumatic systems, and heat pump systems 
based on Peltier modules have been proposed. 
Technologies Interaction Modes 
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Figure 2.8. Examples of combinations of modes of interaction and actuator technologies for the 
design of tactile displays [41]. 
Other technologies, such as electro rheological fluids which change the viscosity 
and therefore the rigidity under the application of an electric field, are still under 
investigation. These technologies can be used to stimulate different tactile sensing such 
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as: vibration, shear, heat, pressure, friction, scratch, indentation. Figure 2.8 shows how 
the tactile feelings relate to these technologies [41]. 
2.3.1 Electrostatic Tactile Displays for Roughness 
Pelrine et al. reported about an electrostatic actuator composed of a polymeric 
elastic dielectric that is sandwiched between compliant electrodes [42]. By applying a 
voltage difference between the electrodes, the dielectric contracts in thickness and 
expands its area due to the attracting charges on the electrodes [18] (see Figure 2.9). By 
reducing the voltage, the dielectric returns to its initial shape and can produce forces due 
to the stored elastic energy. 
elastic dielectric 
film 
Figure 2.9. Deformation of an elastic dielectric film under electrostatic pressure [18]. 
To realize an effect with applicable voltages, the thickness of the dielectric has to 
be in the range of a few microns. The electrodes must be very compliant to prevent 
constraining the deformation. Pelrine et al. showed more than 30 % relative strain in 
thickness at electrostatic pressures of over 1 MPa [42] with a silicone elastomer dielectric 
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between carbon electrodes. Jungmann used a stack of many layers of dielectric films and 
electrodes to realize large absolute displacements [18] as depicted in Figure 2.10. 
Figure 2.10. Structure and function of an electrostatic tactile stimulator with elastic dielectric [18]. 
If a voltage is applied between the neighboring electrode layers, the actuator stack 
will contract and the stimulator tip will disappear below the surface of the device. To 
ensure the area expansion there has to be a gap around the actuator stack. By reducing the 
voltage, the electrodes are discharged beyond the voltage source causing a relaxation of 
the actuator stack. As a result, the stimulator tip is pressed against the skin on top of the 
device because of the stored elastic energy. 
A stimulator with a relative strain of 30 % at an absolute value of 4 mm would 
require more than 1000 dielectric layers with 10 mm in thickness. This shows the 
necessity of automating the actuator processing [18]. In Figure 2.11, a possible stimulator 
arrangement for a tactile display with elastomeric actuators is shown. 
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Figure 2.11. Planar stimulator arrangement for a tactile display [18] 
Yamamoto worked on a tactile display in which electrostatic force and friction 
control has been developed for presenting surface roughness sensation [43-45]. The 
device consists of stator electrodes and a thin film slider on which aluminum conductive 
layer is deposited. The user puts his index finger on the slider and moves it horizontally 
to obtain certain tactile sensation. By applying various voltage patterns to stator 
electrodes, various friction distributions can be generated on the slider, which are 
transferred to the fingertip so as to generate surface roughness sensation. 
2.3.2 Rheological Tactile Displays for Softness 
Electro-rheological fluids are those that experience dramatic changes in 
rheological properties, such as viscosity, in the presence of an electric field. Winslow first 
explained this effect in the 1940s using oil dispersions of fine powders [46]. The fluids 
are made from suspensions of an insulating base and particles in the order of one tenth to 
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one hundred microns (in size). The volume fraction of the particles are between 20% and 
60%. The electro-rheological effect, sometimes called the Winslow effect, is thought to 
arise from the difference in the dielectric constants of the fluid and particles. In the 
presence of an electric field, the particles, due to an induced dipole moment, will form 
chains along the field lines as shown in Figure 2.12. 
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Figure 2.12. Particle suspension forms chains when an electric field is applied [47]. 
These chains alter the ERF viscosity, yield stress, and other properties, allowing 
the ERF to change consistency from that of a liquid to something that is viscoelastic, such 
as a gel, with response times to changes in electric fields in the order of milliseconds. 
Figure 2.13 shows the fluid state of an ERF without an applied electric field and the 
solid-like state (i.e. when an electric field is applied). Good reviews of the ERF 
phenomenon and the theoretical basis for ERF behavior can be found in [48-51]. 
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Figure 2.13. Electro-rheological fluid at reference (left) and activated states (right) [47]. 
Using the theological fluids does have some disadvantages however. For 
example, the user must avoid direct contact with the fluid. Problems, such as liquid 
accumulation, can also arise. Finally, it is very difficult to get a good spatial resolution of 
the actuators 
2.3.4 Electromagnetic Tactile Displays: (Shape Display) 
This type of tactile display uses linear movements of an electromotor to simulate 
the shape. A good example of this category is the work achieved by Wagner et al. [52] in 
which they used an array of 36 (6x6) servomotors as a shape display. Figure 2.14 shows 
the pin array and the servomotors which are arranged in such a way that, as shown in 
Figure 2.14, their rotational movement are converted to linear movements of the pins. 
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Figure 2.14. A tactile shape display using servomotros, [52]. 
Ottermo et al. worked on fabricating a shape display using micromotors on the 
handle of an endoscopic grasper. The sensor array is 24 x 8 mm and consists of 30 
piezoelectric sensors, while the tactile display constitutes of 30 micro motors adding up 
to a total size of 32 mm x 18 mm x 45 mm [53, 54]. 
2.3.5 Shape Memory Alloys (SMA) Tactile Display (Shape) 
Shape memory alloy shortens when it undergoes a phase transition from the 
Martensitic to the Austenitic phase. This reversible phase transition can be produced by 
heating the wire above its transition temperature using electric current. It is well known 
that SMA exhibits hysteresis when cycled through this transition [55]. It is also a 
relatively slow process because it can take a long time for the wire to cool and lengthen. 
Some researchers have suggested that it is possible to increase the bandwidth and account 
22 
for the hysteresis by developing a model of the process and incorporating this in the 





















Figure 2.15. Tactile display with SMA in a V shape configuration [58] 
While this undoubtedly will work to some degree, Wellman et al. have chosen to 
increase the bandwidth through careful thermal design and have minimized the hysteresis 
through position feedback control of the display [58]. Figure 2.15 shows how a single pin 
is actuated by the SMA. 3D shape display using an array of bars actuated by SMA are 
presented in [59-61]. Figure 2.16 shows a 3D shape display actuated by SMA. 
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Figure 2.16 - 3D shape displays [59,60] 
2.3.6 Piezoelectric tactile display (Lateral skin stretch) 
Piezoceramic actuators constitute a practical choice to build an actuator array. 
They are based on the phenomenon of deformation of a quartz crystal caused by an 
electrical field. They can be operated over a large bandwidth and are relatively easy to 
form in a desired miniature structure. Moreover, they are widely available from a variety 
of sources at reasonable price. Unfortunately, piezoceramic actuators still require high 
operating voltages although with the advent of technology, they became more mature and 
piezoceramic properties continue to improve steadily each year. Hayward et al. worked 
on a tactile display using an array of piezoceramics [62-65]. The objective was to create a 
deformable structure capable of causing programmable strain fields in a patch of skin 
with which it was in contact. The exposed side of this structure should thus be made from 
an array of contactors each of which is moveable tangentially. Among the different 
piezoelectric elements available, bimorphs can achieve substantial displacement by 
bending a cantilever (Figure 2.17-a). This bending motion can directly be used to stretch 
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the skin without the need for extra motion amplification mechanisms. Figure 2.17-b 
shows the manner in which a collection of bending elements can be arranged to create a 
two-dimensional array of contactors. One advantage of this design is the creation of a 
strong, yet modular, structural configuration made of the same part replicated ten times. 
Of course, all the actuators bend around the same axis, and hence, all contactors move 
along the same direction. Nevertheless, this was not found to be a limitation since at such 




Figure 2.17. a) Bending of a biomorph b) Bending elements arranged into an array [62-64] 
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In another research work, Kwon et al. described the development of a 
piezoelectric based planar distributed tactile display capable of displaying textures [65, 
66]. The tactile display is composed of a 6 x 5 pin array actuated by 30 piezoelectric 
bimorphs. 
2.3.7 Air Jet Tactile Displays (Surface Indentation) 
A new tactile stimulation method is proposed in [67-69] by controlling the suction 
pressure. This method is based on our discovery of a tactile illusion that we feel as if 
something like a stick pushes up into the skin surface when we pull skin through a hole 
by lowering the air pressure. 
skin 
suction pushing 
Figure 2.18. - As shown in the figure, we feel pushed sensation by suction pressure [67]. 
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This illustration shows how our tactile mechanoreceptors detects strain energy but cannot 
differentiate between positive or negative of stress. Therefore we unable to discriminate 
suction from compression (see Figure 2.18-a and Figure 2.18-b). 
2.3.8 Thermal Tactile Displays 
Thermomechanical actuators provide good performance in terms of displacement, 
force and work per cycle. Thermoneumatic micropumps and microvalves are based on 
sealed cavities that have a flexible side [70]. The cavities are filled with a low boiling 
point liquid (for instance methyl chloride) and a resistive heater is built inside. 
Figure 2.19. - Thermomechanical actuator 
When the heater increases the temperature in the cavity, the pressure grows 
because of the gas resulting from the liquid-gas phase transition and the flexible side of 
the cavity is displaced. Figure 2.19 shows the actuator proposed in [71]. It consists of a 
small cylinder made of copper with an end sealed with tin and the other with a flexible 
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diaphragm. A signal diode has been chosen as heater due to its small size, although it can 
be replaced by a resistor or another semiconductor device. The main application of the 
thermal tactile display is in Braille cells [72]. 
2.3.9 Pneumatic Tactile Displays (Shape) 
To provide local shape information, an array of force generators can create a 
pressure distribution on a fingertip thereby synthesizing an approximate true contact. 
Researchers at the University of Berkley [73, 74] have developed a prototype of 5 x 5 
tactile interface actuated by pneumatic technology with 3 bits of resolution. The 
pneumatic prototype interface delivers up to 0.3N/actuator. This tactile display, which is 
similar to servomotor tactile display, has some advantages such as ease of fabrication and 
no pin friction. Figure 2.20 shows the pin array and the molding which covers the pins. 
Figure 2.20. - Pneumatic tactile display [73] 
2.3.10 Electrocutaneous Tactile Displays 
An electrocutaneous display is a tactile device that directly activates nerve fibers 
within the skin with electrical current from surface electrodes (Figure 2.21) thereby 
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generating sensations of pressure or vibration without the use of any mechanical actuator 
[75-78]. It is known that the nerves connected to the tactile receptors can be stimulated 
selectively by electrostimulation to some extent. The Meissner's corpuscles, which detect 
dynamic deformation of a finger, can be stimulated by anode current, while the Merkel's 
disks, which detect static deformation, can be stimulated by cathode current [79-80]. 
Finger 
Anode' 
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Figure 2.21. a) - Electric current through the finger stimulates nerves b) An electrocutaneous tactile 
display 
2.3.11 Other Tactile Displays 
Other technologies have been used to develop tactile displays, including: 
• Producing tactile sensation with acoustic radiation pressure [81]. 
• Tactile glove, that exhibits pressure and temperature feedback, called 
Teletact[82]. 
• Effect of linear combination of magnets on the skin [83]. 
• Array of vibrating pixels unig mirco-clutch MEMS technology [84]. 
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• Using surface acoustic wave (SAW) [85]. 
• Fusion of visual and tactile feedback [86]. 
• Composite polymeric known as IPMC or ICPF [87] 
• Digital Clay using MEMS technology [88]. 
2.4 Conclusion 
This chapter introduced a brief background in human tactile sensing and perception. The 
physical parameters and role of human mechanoreception were outlined. This chapter 
also provided an overview of the research works that have been done so far on tactile 
displays. The performance and effectiveness of these projects were briefly expressed. 
Although many tactile sensing systems based on different technologies were designed 
and tested, very little work has been done in the field of softness display. In this regard, 
the objectives of the research in this thesis are summarized below as: 
1. Design and development of tactile display capable of demonstrating softness 
information both graphically and physically. 
2. Devising a method for investigating the presence and locating the embedded lumps 
within tissue during the minimally invasive surgery. 
3. Modifying existing laparoscopic graspers in order to measure the softness of grasped 
objects and demonstrating them to the surgeon. 
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CHAPTER 3 
GRAPHICAL SOFTNESS DISPLAY AND LUMP 
DETECTION 
Following the progresses mentioned in the literature survey, the need for the design of 
novel display systems is greatly emphasized. The research work presented in this chapter 
focuses on a novel type of display system, which can be used to convert the sense of 
touch into images readily recognizable by the surgeon. Using the proposed system, the 
surgeons can visually determine the softness of the grasped tissue and detect the presence 
or absence of unusual lumps (such as tumor) by simply grasping the suspicious organ by 
a smart endoscopic grasper. This chapter is organized in two parts. In the first part the 
graphical display for representing the softness of the objects grasped by the MIS grasper 
is presented. The second parts is devoted to detection and localizing the lumps embedded 
inside the tissues. 
3.1 Graphical softness display 
The proposed system used for this study consists of an endoscopic grasper integrated 
with an array of tactile sensors, data acquisition interface (DAQ), and the necessary 
signal processing algorithms that process the information from the sensor to the display. 
The complete system is shown schematically in Figure 3.1. When the surgeon uses the 
endoscopic grasper to grasp a tissue, the sensor array measures the softness of the 
grasped tissue under each sensing element. The electrical outputs of the piezoelectric 
sensing elements are then conditioned and transmitted to the data acquisition system. 
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Using the data acquisition card (NI PCI-6225), the signals are amplified, filtered, 
digitized and processed by a computer. A computer code was developed in Lab View 
(version 7.1) environment for signal conditioning such as filtering out the line noise. A 
representation algorithm as later elaborated in this work was used to map the extracted 
signal's features to a gray scale image. Using the constructed images, the surgeon realizes 










Figure 3.1. The schematic diagram of the complete system. 
3.1.1 Feedback system 
The smart endoscopic grasper consists of the following items: 
1- Array of tactile sensor 
2- Data acquisition card 
Each sensor in the tactile sensor array has two outputs which are analog voltages resulted 
from the forces applied by the grasper to the object. These voltages are related to the 
softness of the grasped object. The sensor outputs are interfaced to a data acquisition card 
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via the charge amplifiers and buffers. Using the data acquisition card, the signals are 
amplified, filtered, digitized and finally processed by a computer. The connection of the 
sensors to data acquisition, created some technical problems which were overcome by 
adding some electronic components. This is explained in the proceeding sections. Finally 
these digitized signals are processed and graphically represented by color coding method. 
3.1.2 Sensor 
The sensor unit consists of a rigid cylinder surrounded by a compliant cylinder. As shown 
in Figure 3.2-a a Polyvinylidene Fluoride (PVDF) sensing element (Good Fellow 
Company, USA) is positioned under both rigid and compliant cylinders. When an object 
is in contact with the sensors, the load is applied on both compliant and rigid cylinders. 
<c) (d) 
Figure 3.2. a) Cross sectional view of the sensing element: 1-Rigid cylinder 2-Compliant 
cylinder 3-PVDF 4-Substrate. b) Isometric view of the sensing element. c,d) Transfer of load 
from rigid to compliant cylinder [91]. 
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As depicted in Figures 3.2-c and 3.2-d, the softer the contact object is, the more the 
transfer of load from rigid to compliant cylinder will be [89,90]. The force ratio in Figure 
3.2 can be calculated as follows [89-91]: 
F]__, T2E\ 
F2 ~ T\ E2 
(3.1) 
where Tl is the thickness of the sensed object, T2 is the thickness of the rigid or 
compliant cylinder (which are the same), Fl is the force sensed by the PVDF under the 
rigid cylinder, F2 is the force sensed by the PVDF under compliant cylinder, El is the 
Young's modulus of the sensed object, and E2 is the modulus of the compliant cylinder. 
The larger the value of the force ratio, the stiffer the sensed object is when compared with 
the compliant cylinder. 
The integration of 8 tactile sensor units with the prototype grasper is shown in Figure 3.3 
a) 
b) •K 
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Figure 3.3. a) Photograph of the grasper, b) The two arrays of sensing elements. 
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Each sensing element in the grasper has two output signals, one from the PVDF under the 
rigid cylinder and the other from the PVDF under the compliant cylinder. Two arrays of 
four sensors are micro fabricated on the grasper, one on the upper jaw and the other on the 
lower jaw. These two arrays, numbered from Ul to U4 on the upper jaw and LI to L4 on 
the lower jaw, are shown in Figures 3.3-a and 3.3-b. The output of the sensor arrays are 
then fed to the DAQ, where they are digitized and transmitted to a computer. 
3.1.3 Data acquisition system 
Data acquisition system (DAQ) contains the necessary hardware which takes the analog 
signals from the sensor and digitizes them. The DAQ (Type: NI PCI-6225 from National 
Instrument Company, Resolution: 16 bits, Analog input channel: 70, Analog output 
channel: 4, sampling rate: 250kS/s) was used in this project. 
[Analog.Input (A DtoDAQl 
Figure 3.4. The connections from PVDF to DAQ amplifier. In this figure only the first 
channel is shown. The amplifier is multiplexed between all input channels 
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Each sensor has two outputs. Each output is connected to a charge amplifier. The output 
of the charge amplifier is connected to the input channels of the DAQ through a voltage 
buffer. The buffers are used to reduce the cross talk interference between input channels 
in the DAQ. Figure 3.4 shows the electronic diagram of the setup. The complete 
experimental setup is shown in Figure 3.5. The tactile sensor is positioned under a probe. 
A dynamic load was applied by the shaker which was achieved by a power amplifier and 
a signal generator. The output of the sensor was fed to the connector box via the charge 
amplifiers. 
Figure 3.5. Photograph of the complete setup 
The data was then transferred to the data acquisition card inside the computer. The block 
diagram of the data acquisition system is shown in Figure 3.6. 
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Figure 3.6. Block diagram of data acquisition system 
3.1.4 Signal processing 
The processing software, developed in Lab View 7.1 environment was specifically 
designed for graphical demonstration of softness of the grasped tissue. Figure 3.7 shows 
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Figure 3.7. The tactile image construction flowchart. 
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In the first step the sensing elements on the grasper jaws touch an object. The tactile data 
coming from each sensing element are read in the next step. Two input channels in the 
DAQ are used to capture data from each sensing element. A filter is used to cancel out 
the 60Hz line noise from these signals. The filtered signals are then used to calculate the 
voltage ratio of the rigid and compliant cylinders in each sensing element. The voltage 
ratio can be used as a criterion to distinguish between different materials with varying 
softness [90, 91]. Using the standard ASTM D2240 test block kit (Instron Co.) with 
standard softness values (32.4, 41.9, 52.0, 61.3, 71.1, 81.1, and 88.8 Shore A) the voltage 
ratio can be experimentally derived for each test material. The resulted voltage ratio and 
the softness of the material are saved in a lookup table. The voltage ratio calculated for 
each sensing element, is then compared to the existing voltage ratios on the lookup table. 
The softness value corresponding to the calculated voltage ratio is extracted from the 
lookup table and is considered as the softness of the object which is in touch with the 
sensing element. This softness value is then scaled and converted into grayscale value 
and can be displayed on the monitor. The complete image for the two tactile arrays which 
is derived in this way consists of eight cells, arranged in two rows and four columns. 
Each cell in this 2x4 image is proportional to a sensing element in the two sensor arrays. 
In step 6, the gray scale value of each cell can be obtained using following relationship: 
[l]= ([a]/a)K (3.2) 
where matrices [I] and [&] represent the intensity and softness, respectively. For this 
study, [I] and [CT] take the following forms: 
A/1 A/2 A/3 A/4 
In A, 2 A, 3 I LA _ 
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where &y is the softness for each sensing element obtained from the lookup table in step 
is the gray scale value of the softness display corresponding with the same 
sensing element. AT is a coefficient which determines number of gray scale levels on the 
display. We considered 256 grayscale levels for displaying the tactile image, i.e. K=256. 
The symbol a is a coefficient which enables us to show different ranges of softness on 
the display. We considered four different ranges for softness: Very Soft (a =5 Shore A), 
Soft (a =20 Shore A), Medium (a =40 Shore A) and Hard ( a =100 Shore A). 
Figure 3.8. Grasper is touching an elastomeric object (with softness of 36 Shore A. a) 
Softness display representation, b) Photograph of the grasper and the grasped object. 
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Figure 3.8-a shows the resulting 2x4 image when the grasper is in touch with an object. 
The two right hand sensors of the grasper (U4 and L4) are engaged as indicated in Figure 
3.8-b. Furthermore, to create a smooth transition between the columns and rows, an 
interpolation between the gray scale values of the adjacent columns and rows is 
necessary. Evidently, increasing the number of cells in both directions enhances the 
quality of image. 
In step 7, a linear interpolation is performed to increase the number of columns from 4 
to M. The resulted "2 x M" matrix,[G] is shown in (3.3): 
[G] = 
where: 
GU\ GU2 GU3 
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GLj can be obtained in a similar way. 
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In the next step, another linear interpolation, as indicated in (3.6) and (3.7), is 
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Figure 3. 9. a) The resulting tactile image after interpolation, b) Photograph of the grasper 
and the grasped object 
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By following the above mentioned procedures, an image is constructed based on a matrix 
of 60x100 cells as shown in Figure 3.9-a. 
3.1.5 Results and discussion 
The results of the conducted experiments are shown as image displays. The softness of 
the grasped tissue is represented by color coding. As shown in Figure 3.10, a scale in the 
right hand side of the graph shows the color coding numerically. In this case, the two 
right hand sensors of the grasper (U4 and L4) are engaged. The softness display shows the 
sensed object in gray scale. Here, both U4 and L4 show the same softness. 
Figure 3.10. a) The resulting tactile image after interpolation, b) Photograph of the grasper 
and the grasped object 
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This means that the grasped object has the same softness throughout its thickness. In 
Figure 3.11, the upper and lower jaws are grasping two different materials with different 
softness. The material grasped by the upper jaw is softer than the other material. The 
result in the softness display is presented by two different grayscales on the upper and 
lower part of the display. 
Figure 3.11. Upper and lower jaws are touching two different objects (with softness of 30 
and 10 Shore A). The objects are located in parallel, a) Tactile image display, b) Photograph 
of the grasper and elastomers. 
In Figure 3.12, the two central sensors of the upper jaw, i.e. U2 and U3, are in touch with 
a soft material and the other sensors on the upper and lower jaws are in touch with a 
harder material. Finally in Figure 3.13, the sensors U4 and L2 are in touch with a soft 
material while other sensors are in touch with a harder material. 
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Figure 3.12. Grasper is touching two different objects (with softness of 30 and 10 Shore A). 
One embedded object is located on top. a) Tactile image display, b) Photograph of the 
grasper and elastomers. 
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Figure 3.13. Grasper is touching two different objects (with softness of 30 and 10 Shore A). 
Two embedded objects are located on top and bottom sides, a) Tactile image display, b) 
Photograph of the grasper and elastomers, c) Grasped object with two different softness 
demonstrated using different colors. 
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3.2 Lump detection 
While much work has investigated the tumor detection in breast cancer [92-95], 
little work has examined the proper way to find and localize the lump in MIS surgery. All 
these methods present advantages but are not useable in MIS surgery. With this situation 
in mind, a novel tactile sensor that can be used for nodule detection in MIS is presented 
in [96]. This research work focuses on the processing the data gathered from the sensor 
described in this work, and converting the sense of touch into the images readily 
recognizable by the surgeon. Using the proposed system, the surgeons can detect the 
presence or absence, location and approximate size of unusual lumps (such as tumor) by 
simply grasping the suspicious organ by a smart endoscopic grasper. 
3.2.1 System design 
The teletaction system used for the experiment consists of a tactile sensor that 
measures the pressure, data acquisition card and its electronics, and the necessary signal 
processing algorithms that process the information from the sensor to the display. The 
tactile sensor (PVDF film) measures the pressure across the seven sensing elements (1.5 
mm width spaced 0.5mm apart). Each sensor in the PVDF array has an output which is 
an analog voltage resulted from the forces applied by the object. The electrical outputs of 
the piezoelectric sensing elements are then conditioned and transmitted to the data 
acquisition system. Using the data acquisition card, the signals are amplified, filtered, 
digitized and processed by a computer. A computer code was developed in Lab View 
(version 7.1) environment for signal conditioning such as filtering out the line noise. In 
addition, a rendering algorithm also developed in Lab View, was used to map the 
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extracted signal's features to a gray scale image. Using the constructed images, surgeon 
realizes not only the presence or absence of lump, but also the approximate size and 
location of the detected lump. 
3.2.2 Sensor structure 
The details of the sensor including its design and working concept have already 
been presented in [97]. The design of the deformable force-stretch array sensor is shown 
in Figure 3.14-a. The structure of the sensor integrated with an MIS grasper, as shown in 
Figure 3.14-b, is corrugated to ensure a firm grasping of the tissue. Figure 3.14-b shows 
the proposed grasper in which just the lower jaw is equipped with an array of the tactile 
sensors. The sensor array consists of 7 equally spaced PVDF films which are placed in 
parallel on an elastic material. The number of the sensors, their length, width and 
thickness as well as the space between them could be optimized for each particular 
application. In this study, in order to replicate the human finger's spatial resolution, the 
sensor array was made of seven equally spaced piezoelectric PVDF base sensing 
elements. 
Upper Jaw 
_. Soft Object 
Lower Jaw 
(Sensorized) 
Figure 3.14. A view of the grasper with one active jaw equipped with an array of the seven 
sensing elements 
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The spatial resolution for human finger using the Two-Point Discrimination 
Threshold (TPDT) is reported to be about 2 mm [98]. Therefore, 1.5 mm wide sensing 
elements positioned 0.5 mm apart were considered for this study. Evidently, a finer array 
will yield into better spatial resolution than that of human finger. The outputs of these 
PVDF films are then registered and transported to data acquisition card. Figure 3.14 
shows the sensor array and its PVDF films. The PVDF can be modeled as a voltage 
source with very high output impedance. As the data acquisition card needs the input 
impedance be less than lOOKOhm, a buffer is necessary to match the impedance. The 
voltages from PVDF sensing elements are read by the DAQ. Since the sensor consists of 
seven PVDF films, the total of 7 analog input voltages is registered. 
Buffer 
Floating 






PGIA >—° + 
Measured 
Voltage 
Selected Channel In RSE Configuration 
Figure 3.15. The connections from PVDF to DAQ amplifier. In this figure, only the first 
channel is shown. The amplifier is multiplexed between all input channels 
The DAQ main amplifier was used in RSE (reference single ended) mode. Hence, in 
order to read 7 input voltages, 7 channels from the DAQ were utilized. Sensors 
electrodes connected to this board are interfaced with the DAQ by a flat cable. The 
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detailed electronic connections from PVDF to the differential DAQ amplifier 
(instrumentation amplifier) is shown if Figure 3.15. 
3.2.3 Rendering algorithm 
Two configurations of the sensors on the grasper are examined. The grasper 
structure shown in Figure 3.14, with one sensorized jaw is capable of locating the lumps 
in one dimension (x-axis), while the grasper with two sensorized jaws, which will be 
described in Section 4.2, can characterize the lumps in two dimensions— x and y axes 
(location of the lump in y direction can be considered as lump depth). In both designs, 
when there is no extraneous feature in soft object, depending on the grasper geometry and 
design, all sensing elements show either an equal output voltage or exhibit a regular 
pattern that is assumed as background frame. The presence of the lump causes an uneven 
voltage distribution through the sensing elements. The deduction of the background 
frame from the total response results in the net effect of the lump and increases the 
sensitivity. In addition to the lump detection, the softness of the bulk soft object in the 
sections with no embedded masses can also be measured [99]. 
The outputs of the sensing elements depend on several factors, such as the ratio of 
the Young's modulus of the lump (E£) to that of the tissue (ET), the size and depth of the 
lump and the magnitude of the applied load. Extracting all features of lump from the 
minimal sensor used in this study is a formidable task, as some combinations of lump 
stiffness, size, depth and the applied force create similar output pattern. This complexity 
is also reported by other researchers [92]. However, there are some constraints that can be 
used to reduce the number of variables or at least to control their range. For instance, our 
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analysis [100] shows that for—- > 10, the variation of this ratio has negligible effect on 
Him 
the output. Fortunately, the absolute majority of the reported stiffness for the tumors are 
greater than this ratio [92]. Therefore, in the practical range, the output response is not 
much influenced by the variation of the Young's modulus of the lump. Another 
influential factor is the magnitude of the applied load. The contact force between the 
grasper and the tissue depends on the load exerted by grasper jaws to the tissue. 
Therefore, it is necessary to measure the total applied load besides the pressure 
distribution. The applied load can be measured in different ways. For instance, a strain 
gauge attached to the jaw can provide the data on the magnitude of the applied load. 
Another approach to measure the applied load was presented in a previous work, in 
which an extra PVDF film is used at the supports of each sensing element [97]. In the 
experiments conducted in this study, the load was measured using a reference load cell. 
Furthermore, to reduce the number of contributing parameters, throughout this article, the 
force was kept constant. The other remaining factors are the size of tumor, its location in 
x and y directions. Since the majority of masses can be approximated as spherical 
features, the number of parameters to characterize the size of the sensor can be reduced to 
one value, i.e., the lump radius. The first design (see Figure 3.14) overlooks the depth of 
lump and locates lump merely in x direction. While, by using two sets of arrays of 
sensing elements in the second design described in Section 3.2.3.1, it is possible to 
determine the depth of lump as well. 
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3.2.3.1 Graphical representation of localized lumps in one dimension 
As shown in Figure 3.14, in the first design the lower jaw is equipped with the 
sensor array, hence the upper jaw only applies compressive load to the object containing 
lumps. To graphically represent the location of the lump, initially an image with seven 
vertical parallel bands corresponding to the seven sensing elements was considered (see 
Figure 3.16-b). The intensity of each band was considered to be proportional to the output 
of the corresponding sensing element. The voltage distribution along the sensor array can 




 = U 7
 (3.8) 
I,=K-\ ,V,>a, 
where a is the normalizing factor that determines the working range (very soft, soft, 
medium, etc.), and K is the number of gray scales that are used in construction of 
graphical image (here K=256). It is seen from Equation (1) that for a given a , when 
V{ <a , the scaling factor a maps the input voltage domain into interval [0, 1], then this 
value, using (K-l) factor, would be mapped into the corresponding gray level, between 0 
to 255. OnceJ^. > a , all the values of Vi would be mapped to the maximum intensity 
(i.e,/,. =255). For instance, Figure 3.16-b shows the graphical display for the case that 
two lumps were detected in the grasped tissue. In this case, one of the lumps had been 
positioned above the sensing element No. 6 and the other one had been placed above and 
between the sensing elements 2 and 3 (see Figure 3.16-a for the configuration). However, 
due to the limited number of the sensing elements, the quality of image shown in Figure 
3.16-b was not satisfactory. Therefore, by using an interpolation technique the quality of 
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the image as shown in Figure 3.16-c was enhanced. Prior to implementation of 
interpolation, the number of elements had to be increased from 7 to any desired number 
(N). To do this, (N-7) extra elements were required. Therefore, N-l elements were 
inserted between each two original elements. The resulted (lxN) vector {G}, is in the 
following form: 
{G} = {GXG2...GN_XGN\ 
in which 
G, = Vlt 
N elements 
G =V G =V G 
' N+5 ~ ' 2 
6 
=v 
'3N+3 r 4 ' 6 6 
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N / 
PVDF Sensing Elements 
Figure 3.16. Locating the lump in one direction and its graphical rendering. 
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The intensity values assigned to the inserted elements were calculated using linear 
interpolation relationship expressed in Equation (3.10). 
'
 J
 1 J 6 ') (W-l)/6 u ' 6 { 6 ) (3.10) 
where ' / (1 < j < 6) and T (1 < / < N) are indices associated with the original vector 
{V} and the augmented vector {G}, respectively. The numerical example for N=60, is 
illustrated in Figure 3.16-c. 
3.2.3.2 Graphical representation of localized lumps in two dimension 
Figure 3.17, illustrates the second prototyped grasper in which both upper and 
lower jaws are equipped with the arrays of sensors. Using this grasper, it is possible to 
locate lumps in two directions, along the jaw (x-axis) as well as its depth (y-axis). 
Figure 3.17. The second design of the grasper in which both upper and lower jaws are 
equipped with the sensing elements. 
The steps used for the construction of 2D tactile images, are demonstrated in Figure 3.18. 
53 
DAQ (1) 
No. of Columns (N) 





























Figure 3.18. The flowchart of the algorithm implemented in LabView and used for the 
graphical rendering. 
For better clarification of the algorithm used in this study, consider the case illustrated in 
Figure 3.19-a. This Figure, demonstrates a grasped tissue which contains a lump that is 
aligned with the sensing elements 2V and2 L , where the subscript U and L refer to the 
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Upper and Lower sensing arrays, respectively. The distance of the lump from the upper 
and lower sensing elements are shown by 'a ' and ib\ respectively. 
j-u <2u 3u 4TJ 5TJ 6 U 7TJ 
1L 2 L 3 L 4 L 5 L 6L 7L 
• 
l ip? i 
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Figure 3.19. The graphical rendering of the characterized lump in two dimensions. 
a) A lump located in a soft material with the upper and lower sensor arrays 
b) 2D intensity graph associated with the sensor array outputs 
c) A 7x7 matrix showing the location of the lump 
d) A 60x100 matrix that gives a better information on location and size of the lump 
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Figure 3.19-b shows the 2D intensity graph which was built using one dimensional 
algorithm as explained in Section 4.1. This graph consists of two rows of color bands, 
which are corresponding with two arrays of the sensors, one on the top and the other at 
the bottom. Therefore, this graph can be considered as a matrix with 2 rows (color bands) 
and 7 columns (sensors), i.e. 2x7 cells. The corresponding matrix in which each element 
represents voltage amplitude is in the following form: 
r y i _ Ul U2 ^ 3 yU4 yU5 yU6 ^Ul (T. \ \ \ 
V V V V V V V \ • ) 
JL\ yL2 y L3 y14 y 15 v £6 y LI 
As it can be seen, Figure 3.19-b cannot clearly demonstrate the valuable information 
about the location of the lump. To show the precise location of the lump, the dimensions 
of the matrix and consequently the number of matrix elements were increased. The 
graphical enhancement in x-direction was explained previous section, hence in this 
section the row operations (y-direction) are emphasized. 
As shown in Flowchart 1 step 5, the number of rows was increased to M by inserting (M-
2) rows of zeros between the first and second rows of matrix [V] which led to an Mx7 
matrix. Furthermore using the technique explained in previous section 4.1, the number of 

















For the graphical representation of the lump, two parameters had to be determined, the 
location of the centre of lump in each column and its corresponding intensity value. In 
order to designate the vertical location of the center of lump in each column (step 6, 
flowchart 1) a relationship between the thickness of the tissue and the rows of 
matrix[G0] was used. If a lump is located in the tissue at a distance of a from the upper 
sensor array, it will be mapped into the row r, where r can be found from relationship: 
a 
•v 
M a + b GL+GV 
(3.13) 
in which (a+b) that is equal to the tissue thickness, was considered to be proportional to 
the number of rows (M). Regardless of existence of lump, the above equation was applied 
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Figure 3.20. The relationship between grasped object and intensity matrix 
If a lump exists in a column, then a and b are the distances of the center of the lump from 
the upper and lower sensor arrays, respectively. For the columns with no lump, the 
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associated sensor outputs are equal and GL = GV, thus r -M72. These cells are indicated 
in Figure 3.20 with gray color. In other words, the algorithm assigns a non-zero value to 
the middle row of the columns with no lump. Although this value is not significant, it can 
be considered as a shortcoming of the algorithm. 
In order to determine the intensity values of these locations in each column, the 
following relation was used: 
G
rj=GUj+GLj (3.14) 
Where index ^rj specifies the intensity value of the cell located in the row r and column 
j , showing the center of lump in that column. The result of this operation is matrix [Gi], 
in which the centers of detected lumps are specified. 
[<?,] = 
0 0 ••• 0 
0 0 ••• 0 
Gr,l Gr22 ••• GrNN 
0 0 ••• 0 
0 0 ••• 0 
GL\ GL2 " • GLN 
M Rows (3.15) 
N Columns 
It should be noted that in case of having multiple lumps, the center of each lump is 
mapped to a row that corresponds to the lump's original depth in the tissue. Therefore, 
for instance, G^and Gri2 are not necessarily in the same row. 
As depicted in step 7 of Flowchart 1, a row interpolation procedure was implemented. At 
this step, in each column three values were known; Gut, Grj and GLj. Therefore, using 
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these values and through a linear interpolation, a new intensity distribution was assigned 
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(3.16) 
where the intensity of each cell was calculated from relationship (3.17). 
G
rJ-GUj 
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Figure 3.19-c shows the lump position and its approximate size after implementing the 
mentioned algorithm when M=N=7. Evidently, increasing the number of cells in both 
directions will enhance the quality of image. Figure 3.5-d, for instance, is the constructed 
graphical image based on the same sensor's output and enhancement of associated matrix 
toM=60andiV=100. 
3.2.4 Experiments 
An experimental set up was used to generate tactile information by the application 
of known loads through the fabricated graspers to the soft object which was contained 
lump. The graspers positioned under a probe which was equipped with a reference load 
cell, while the soft object and lump were sandwiched between two jaws. The photographs 
of both prototyped graspers, with one and two active jaws are shown in Figures 3.21-a, 
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and 21-b, respectively. Because the PVDF base sensing elements were prepared 
manually, the discrepancy between the output voltages for equal load was observed at the 
beginning. To compensate this disparity, a controllable coefficient for each sensing 
element was defined. Then using homogenous elastomeric materials (without any 
inclusion) the output of the sensors were identically adjusted. The output voltages of the 
sensing elements in both designs were processed and according to the explained 
algorithm, graphically demonstrated. 
The soft elastomeric material with known Young's modulus was used as the bulk 
soft object and metallic balls simulating the lumps with different sizes (3.9, 6.3 and 7 
mm) were inserted into the hollow spaces carved out of the bulk elastomeric. To change 
the depth of the lumps, several layers of the elastomeric material were cut into same 
dimensions but with different thicknesses. The lumps were placed in one of the layers, so 
that the other elastomeric layers were used as spacers to increase or decrease the distance 
of lump layer from the top and bottom surfaces. A dynamic load was applied by the 
shaker that was driven by a power amplifier and a signal generator, as shown in Figure 
3.22. The outputs of the sensors were fed into the connector box through the buffer 
electronics. The piezoelectric PVDF can be considered as a voltage source with very high 
output impedance. Since the DAQ needs the input impedance to be less than 100 k£l, a 
buffer was necessary to match the impedance. The data was transferred to the computer, 
using the DAQ (NI PCI-6225). The DAQ main amplifier was used in RSE (reference 
single ended) mode [101]. A low pass filter with a cut-off frequency of 40Hz was used to 
remove the 60Hz line noise. As explained in Section 4, the processing algorithm was 
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developed in Lab View environment for the graphical demonstration of the forces sensed 




















Figure 3.21. Photographs of the sensors under the test, (a) The sensor with one active jaw 
used for construction of one dimension graphical images, (b) The sensor with two active 
jaws used for two-dimension graphical rendering of detected lumps. 
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Figure 3.22. Photograph of the experimental setup 
3.2.5 Results and discussion 
The results of the finite element analysis as well as the graphical representations of tactile 
information obtained from experimental cases are shown in Figures 3.23 and 3.24 for 
one and two dimensional procedures, respectively. Each row in Figure 3.23 shows a 
scenario in which multiple lumps with different sizes were inserted into the elastomeric 
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bulk material. The left column in this Figure, illustrates the geometrical information 
about the locations and size of the lumps that were placed in the soft object. The middle 
column in Figure 3.23, is the one dimension graphical representation of the sensor's 
outputs obtained from the experiments. The right column is the normalized voltage 
response of the sensing elements obtained from the finite element analysis. 
In the graphical representation in Figure 3.23-a (middle column), the dark column 
2 has the highest intensity, showing that the lump is located above this sensing element. 
This can be compared with the intensity of the sensing elements 4 and 5 that share a 
lump. For the latter elements, the maximum contact stress value occurs in a place 
between the sensing elements 4 and 5. Therefore, each sensing element senses part of the 
load and in comparison with the sensing element 2, shows lower amplitude. These two 
elements also provide information about the size of the lump. If the middle lump was 
large enough to cover both sensing elements, the result would be two completely dark 
bands. Therefore, from the shown gray levels the approximate size of the middle lump 
can be deduced. The difference observed between the outputs of the sensing elements 2 
and 7 can be attributed to the edge effect on the latter element. The second case (Figure 
3.23-b) shows two identical lumps embedded above the sensing elements 2 and 5. The 
similar output voltage and intensity can be seen in the graphical representation as well as 
finite element analysis. In the third case (Figure 3.23-.c) a larger lump is placed between 
two smaller lumps. It is shown that the system is capable of detecting all three masses. 
However the darker band associated with the sensing element 4, gives information on the 
relative size of middle lump respect to the other ones. In the last case, (Figure 3.23-d), a 
small lump had been positioned between two larger lumps. As can be seen from the 
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results, the sensor has not been able to detect the smaller mass. A closer examination of 
finite element stress distribution shows that two larger lumps created a stress profile 
between themselves in such a way that the effect of the small mass has been suppressed. 
This Figure demonstrates that for multiple lumps with different sizes and locations, to 
obtain an accurate result more than one attempt and in different orientations might be 
needed. 
//V± 
^ u ^ 
VL m R 
'///////A 
v*^  * ^ 
/ i ''/(t KXAv 











Figure 3.23. The experimental and analytical results of four case study. 
Figure 3.24, alternatively shows the results of four case studies in which both jaws of the 
graspers were equipped with arrays of the sensing elements. Figure 3.24-a, demonstrates 
a case in which two identical lumps were positioned close to the sensing elements 1 and 4 
of upper jaw (lu and 4u), respectively. The corresponding graphical image shows clearly 
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the place of the lumps. In addition, the gray level of image gives some information about 
the size of the lumps. 
In the next configuration (Figure 3.24-b), lumps are positioned apart in such a way that 
one lump is put beneath the sensing element 4u and the second lump is placed above the 
sensing element 1L (slightly overlapped with sensing element 2L). The graphical image 
constructed based on the experimental sensor's output is shown in middle column of 
Figure 3.10-b, in which the place (in x and y directions) is clearly extractable. The gray 
levels in this case can be compared with those of Figure 3.24-c, in which the lumps 
positioned far from the sensing elements. 
Lumps Experimental Finite Element 
Configurations Results Results 
Figure 3.24. The experimental and analytical results for two dimensional localization. Each 
row illustrates the information of the studied case. In the right column, the dashed line 
represents the output voltages of the lower array of the sensors, while the solid line is 
associated with the upper jaw. 
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Again the position and size of lumps can be clearly perceived from the experimental data 
shown in the middle column. The finite element results shown in the right column are 
consistent with the experimental data in all three cases. However, implementation of this 
algorithm may produce gray areas in the middle of image in absence of any lump. To 
rectify this problem, an enhanced algorithm is under process. 
3.3 Summary and conclusions 
An MIS grasper capable of measuring the softness of the grasped objects is 
reported in the first part of this chapter. A feedback system is designed and incorporated 
in the sensor arrays assembly on the grasper jaws. This allows the transmission of the 
tactile signals from the grasper to the signal processing system. Following this step, we 
developed the signal processing and display system. By doing so, we managed to obtain 
the graphical representation of the tactile data on a computer monitor. The resulting data 
include the tissue softness on the tissue/grasper interface. Finally, the testing of the 
grasper device with its feedback and tactile graphical representation systems was 
performed and the results were discussed. 
In the next part of this chapter, a system for characterizing and rendering the 
hidden lumps in soft bulk objects is presented. The proposed system is comprised of an 
endoscopic grasper equipped with array(s) of tactile sensors, a signal processing unit, 
graphical rendering algorithm and a graphical display. This setting potentially could be 
used for nodule detection in laparoscopic surgery. 
Initially the required information has to be collected from the grasped object. This 
task has been performed by using a multifunctional tactile sensor that had already been 
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developed. A unit of the utilized sensor is capable of measuring the applied contact force 
as well as the softness of the grasped object. An array of this sensor used in this study, is 
capable of reporting the location and size of the lump as well. The output voltages of the 
sensing elements are buffered, digitized, filtered and transmitted to a computer. Then 
through a rendering algorithm developed in Lab View environment, the tactile data were 
transformed to gray scale image and were displayed on a monitor. 
The experiments on the prototyped graspers were conducted and the data were 
graphically rendered on a display. Hard objects were inserted into pre-determined 
positions in elastomeric and were grasped by the device and the calculated images were 
compared with the known ones. 
Graphical rendering of localized objects is a feasible technique with great 
potential for use in MIS. Using this method a part of lost tactile information which is the 
palpation can be restored. This capability is useful not only for MIS, but also for MIS 
robotic surgery and, in general, for robotic surgery. Other anatomical features such as 
beating arteries potentially could be detected and graphically rendered. 
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CHAPTER 4 
LINEAR ACTUATOR FEEDBACK BASED TACTILE 
DISPLAY 
In this chapter, a new tactile display is developed which can reconstruct the 
softness of different materials based on the characteristics properties of these materials. 
From a simplistic point of view, most materials can be modeled by a spring. In small 
strains, this model can be good for characterizing the softness of the material. However, 
when the strain goes higher, the spring model can not model the behavior of the material. 
The reason is that the behavior of the material in high strains is not linear. Most tactile 
displays which are driven by the servomotor or any kind of actuation use the spring 
model to simulate the softness. In this research work, the non-linear behavior of the 
materials is considered to describe the softness. 
4.1 System Design 
A linear actuator has been used as a softness display. The basic idea is to measure 
the force applied by the finger to the linear actuator shaft, calculate the displacement of 
the shaft in response to the applied force according to the mechanical properties of the 
simulated material, and move the shaft to the calculated position. 
A force sensor is used to measure the applied force by the finger to the tip of the 
shaft. The measured force is registered by the data acquisition card and read by the 
processing software. The position of the shaft is also measured and transmitted to the 
processing software through the data acquisition card. The mechanical properties of the 
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object to be simulated have been already determined and saved in the computer. These 
data contain the strain-stress relation for different objects. Having the force applied to the 
linear actuator by the fingertip and the dimensions of the cap over which the force is 
applied, the stress is calculated and the desired strain can be found by using the 
characteristic curve of the simulated object. The desired strain is then converted to the 
displacement and used as the input to the PID controller. 
Strain Stress 
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Figure 4.1. Block diagram of the tactile display 
Having the desired position of the shaft and the actual position, the PID controller 
prepares the control commands for the actuator and transmits them to the driver circuit. 
Figures 4.1 shows the block diagram of the system. A photo of the tactile display is 




Figure 4.2. Photo of the tactile display including: linear actuator, Force Sensitive 
Resistor (FSR) , Data acquisition card (DAQ) and driver circuit. 
4.2 Linear Actuator 
The tactile display shown in Figure 4.3 is made of a combination of a linear 
actuator, plexiglas cap, force sensor, shaft position sensor and current driver electronics. 
The shaft of the actuator is able to move up to 2 cm in vertical direction. 
Figure 4.3. The linear actuator, FSR and plexiglas cap 
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It can apply a force up to 30N. The cap is glued to the tip of the shaft. It can resist 
to the pressure to a load up to 40 N. A force sensor which is placed on the cap can 
measure the force applied by finger to the shaft. A position sensor is used to measure the 
position of the shaft. It can measure the position with an error less than 0.5 mm. The 
linear actuator (from Firgelli Technologies Inc.) has the specifications presented in Table 
A-l (appendix A). The dimensions, load curve, and the electrical diagram of the actuator 
are shown in Figure A-2. 
4.3 Force Sensor 
Force Sensing Resistor (FSR) is a polymer thick film (PTF) device which exhibits 
a decrease in resistance with an increase in the force applied to the active surface. Its 
force sensitivity is optimized for use in human touch control of electronic devices. FSRs 
are not a load cell or strain gauge, though they have similar properties. Figure B-l and B-
2 (Appendix B) demonstrates the structure of the sensor and its different components. 
To experimentally determine the force-conductance relation for the FSR, several 
different standard weights are placed on the active area of the FSR and its conductance is 
measured. The results are shown in Table 4.1. 






















The data plotted in Figure 4.4 shows that the conductance in FSR is almost 



















C = a F + b 
a =0.079242 
b =-0.015967 , 
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Figure 4.4. The conductance of the FSR versus Force 
Fitting a line on the experimental data, the following equation can be used to relate the 
conductance (C) and force (F). 
C = a.F + b (4.1) 
where a=0.079,b=0.016. 
To find the resistance of the FSR, we used the electric circuit shown in Figure 4.5. 
Figure 4.5. The electric circuit for measuring the resistance 'r ' 
In this figure the conductance of the FSR can be calculated from equation (4.2). 
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By combining equations (4.1) and (4.2) we can find a relationship between the force and 






where a=0.079, b=0.016, R=10Kft, and V* =5V. 
The voltages Vr and V4' are transmitted to the data acquisition card and the force is 
calculated by the processing software from equation 4.3. 
4.4 Shaft position sensor 
A built-in linear potentiometer is used to find the position of the shaft. The 
relationship between resistance of the potentiometer and the length of the shaft is plotted 
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Figure 4.6. The relationship between shaft length and resistance 
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Using the linear relation of the shaft length and resistance, the position of the shaft can 
easily be determined by measuring the resistance of the potentiometer. To measure the 
resistance, an electric circuit similar to Figure 4.5 is used. The only difference is that the 
FSR is replaced by the potentiometer. The relation between shaft length (/) and the 
measured voltage (Vs) can be found similar to equation 4.3: 
, 1 b 
( \)R.a 
V 
where a=0.080279, b=2.5829, R=10KQ, and V* =5V. 
Therefore the applied force (F) and the displacement of the shaft (/) can be found using 
relations 4.3 and 4.4. 
4.5 Stress-Strain curves 
When the force is applied to a material, its form is changed and when the force is 
removed, the material returns to its primary form. The relation between the applied force 
per unit of area (stress) and the percent of deformation (strain), which is nonlinear, is 
known as stress-strain curve. This curve can be determined for any material using 
mechanical compression tests. For this project, the mechanical properties of several 
materials were determined using mechanical compression test. Figure 4.7 shows the 
results of this test for different materials. 
Each row in this figure shows an elastomeric material. The left column shows the 
stress-strain curve. Having the dimensions of the test materials, the force and deformation 
can be calculated from the stress and strain. The right column shows the real force-
displacement relation for the same material and the same test. These force-displacement 
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relations are used in this project to simulate the same elastomers behavior with the linear 
actuator. 
a) A2(3.4") 
20 40 60 
Strain (mm/mm) 
b) EVA(l/2") f 
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Figure 4.7. Mechanical compression test results for elastomeric material, 
left column: Stress-Strain relation, 
right column: Force, displacement relation 
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4.6 Data acquisition Card 
NI-6225 is used for data acquisition. The sampling rate is selected 1000 
sample/sec. Three channels are used in SRE mode to gather information. To avoid the 
interference between the channels, a buffer is used for each channel. 
4.7 PID controller 
To simulate the behavior of these elastomers, the linear actuator must follow the 
force-compression relation of the elastomers. In other words, the Young's modulus of 
elastomers is simulated by the actuator. To do so, a negative feedback closed-loop control 
system with feed-forward PID controller is used. The PID controller monitors the 
position of the shaft, compares this position with the desired position of the shaft and 
prepares proper commands to the actuator to move the shaft to the desired position. 
To be able to design a controller for the system, a model for the linear actuator 
















Figure 4.8. Complete block diagram of the system 
For simplification, we neglect some of the blocks like position sensor, ADC and 
DAC. These blocks are linear and operate as a simple unity gain. To find the transfer 
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function for the linear actuator and the driver circuit, the PID controller is replaced by a 
unity gain. Figure 4.9 shows the simplified block diagram of the linear actuator and the 
driver. 
Xd Linear Actuator 
& Driver Circuit 
Figure 4.9. Simplified block diagram of the system 
4.7.1 Linear Actuator Model 
To identify the parameters in the transfer function of the actuator, a sinusoidal 
wave with the unity gain and variable frequency is applied to the system. The frequency 
was changed over the range of 0- 5Hz and the magnitude ratio between the output of 
actuator and input sinusoidal signal and also the time delays for each input are registered. 
Then using the experimental data, the Bode plot of the system is traced out and is shown 
in Figure 4.10. 
The transfer function of the actuator can be considered as a second order system. The 
general form of a second order system is: 
G(s) kaJt 
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Figure 4.10. Frequency response of the system 
The parameters of the second order system can be derived from the Bode plot as below 
(please refer to Appendix C): 
M(0) 
DC gain=k =10 20 
M(0) = 0 
k=\ (4.6) 
0) = CD „ 
n -90 
*V=9.3 co„ = 9.3 (4.7) 
M 
•90° 
^ = K / ( 2 * 1 0 * > ) = > C = 1 / ( 2 * 1 0 - 0 . 4 ) = 1.26 
M9Q0 = 201og(0 .4)=-7 .96dB 
(4.8) 
Therefore the transfer function of the system is: 
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G(s) 86 86 
sz + 2(1.26)(9.3> + 86 s2 + 23 As + 86 (4.9) 
Please note that G(s) is the transfer function of the closed-loop system. To find the open 




Figure 4.11: Closed-loop system and its equivalent transfer function 
In this figure, the closed loop transfer function of the system is: 
H(s) = ^ => (7(5) = p—^-
b(s) b(s) + Kp.a(s) 
(4.10) 
In the experiments, we set Kp = 1. Therefore H(s) can be easily derived from G(s): 
G{s) a{s) 86 
b(s) + a(s) s2 +23.45 + 86 
H(s) = a(s) _ 86 
b(s)~ s2 +23.45 (4.11) 
4.7.2 Verifying the Identification Results 
To verify the identification results which are obtained in the frequency domain, a 
step input is applied to the system and the time response of the position of the linear 
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Figure 4.12. The response of the system to a step input 
In this figure, the overshoot can be calculated as: 
OS =—.100 = 14% 
5 
(4.12) 
And i; can be calculated: 
-ln(Q.H) 
< r = 
V*2+(ln(0.14))2 -0.53 (4.13) 
Using the following relationship, Q)d and con can be found: 
In 
It a>d = , A t = Peak — to — Peak time (4.14) 
IK IK Ai = 0.3sec => COJ = — = — = 6.61K a
 At 0.3 






s2 + 2(0.53)(24.7)5 + 24.72 j 2 + 26.2J + 610 (4.17) 
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Now the transfer function H(s) is calculated: 
kna(s) 
b(s) + kpa(s) 
kpa(s) = 361,kp=7^a(s) = S7 (4.19) 
H(s)^ = -1-^— (4.20) 
b(s) s2+26.2s ' 
Relationships 4.11 and 4.20 which were driven using two different experiments are very 
close to each other. A small error exist between the two relations is considered to be 
normal due to the nonlinearities in the linear motor. 
4.7.3 PID Controller 
A PDD controller can be designed in several ways; most of them can be classified 
in the following categories [102]: 
4.7.3.1 Classical synthetic open-loop design 
In synthetic method, the designer starts with a simple controller and continues to add 
more term to the controller action, in the hope that after some number of additions the 
controller will meet the design goals. In other words, the controller is "built up: piece by 
piece, possible using a variety of "tools" at different stages [103-106]. 
4.7.3.2 Analytic state-space methods 
An analytic method, on the other hand, is based on an analytic solution of some 
optimal controller design problem, for example, the Linear Quadratic Gaussian (LQG) 
problem [107-109]. 
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4.7.3.3 Parameter optimization methods 
Parameter optimization methods for LTI feedback design start with controller 
structures that are motivated by ideas from classical, modern, or other techniques. What 
is generally meant by controller structure is a system model with one or more parameter 
values that can be adjusted. A simple example is a PI (proportional-plus-integral) 
controller structure- the coefficients Kp and Kj in the controller transfer function Kp+Kj/s 
are the parameters 
The next step in a parametric method is to select a cost function that represents 
the quality of system performance. One way to get a cost function is to take one from an 
analytically solved optimization problem, for instance the LQG (Linear-Quadratic 
Gaussian) problem. This has advantage that the cost yielded by the structured controller 
by parameter search can then be compared to the absolute minimum achieved by any 
controller, which is analytically computable. 
Another possible way to obtain a cost function is to form a weighted sum or 
maximum of various performance indices, such as integrated square error in response to a 
step command, integrated magnitude of frequency response across some band where a 
disturbance is concentrated, some indices representing the actuator use, and so on; the 
idea is that the weights define the relative importance of different aspects of system 
performance. Finally, the designer may add explicit constraints, such as bounds on the 
values of the parameters, bounds on closed-loop pole locations, bounds on open-loop 
frequency responses, and so on. 
After a controller structure is determined, a cost function and possibly some 
constraints have been specified, the designer has to solve a nonlinear optimization 
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problem which almost certainly requires numerical solution. Many techniques for 
numerical solution of optimization problems resulting from control design problems have 
been proposed in the control literature [110-115]. Some of these techniques are simple 
heuristic algorithms, such as steepest descent; some are highly specialized algorithms for 
certain kinds of problems; others are sophisticated software packages for handling very 
general classes of problems. It is beyond the scope of this thesis to provide a 
comprehensive overview of parameter optimization methods. 
4.7.3.4 Controller design 
For the special system explained in this chapter the position of the shaft and the 
applied force by the finger to the shaft follow the desired force-position curve as close as 
possible. To minimize this tracking error, the optimum controller design method is used 
to find the best possible PID controller. 
4.7.3.5 Solving the problem in Simulink 
The plant is a second order linear system shown in Figure 4.13. The closed loop 
system including the actuator and the PID controller is shown in Figure 4.14 
P I my model/Plant & Actuator 
Ble* Edit ^iew Simulation j=oimat tools t}slp . 
Actuator Model 
o- 86 a2i2+a1.s«( h*C> 
Re,100% |ode5. A 
Figure 4.13. The plant is a second order linear system. 
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Figure 4.14. The closed loop system 
The error is defined as the difference between step input and output. The cost 
function to be minimized (J) is the total square error from 0 to 100 seconds (see 
relationship (4.21). 
j=^b(t)-u(t)]2dt 
The variables are the parameters of the PED controller. 
J(K) = J(KP,KnKD) 
where K=f KP.KD.KJ . 
In discrete case the equation (4.21) is written as: 








N is the total number of samples in 100 seconds and Ts is the sampling period. 
Having the number of samples (N) and sampling period (Ts), the objective of 
optimization problem is to find PID controller parameters (KP,KD,Ki) for which J(K) is 
minimized. 
Min J(K) (4.25) 
Ki ,KP ,KD 
The Matlab routine "Isqnonlin " is used to perform least-squares fit on the tracking of the 
output. The tracking is performed via an M-file function "tracklsq ", which returns the 
error signal, the output ymt computed by calling "sim", minus the input signal l(unit 
step). The code for "tracklsq " is shown in the appendix D. 
The function "runtracklsq" sets up all the needed values and then calls 
"Isqnonlin" with the objective function "tracklsq", which is nested inside "runtracklsq". 
The variable options passed to "Isqnonlin" defines the criteria and display characteristics. 
In this case the medium-scale algorithm is used, and termination tolerances for the step 
and objective function are given on the order of 0.001. 
To run the simulation in the model "optsim", the variables Kp, Kj, Kd, ai, and a2 
(ai and &i are variables in the Plant block) must all be defined. Kp, K, and Kd are the 
variables to be optimized. The function "tracklsq " is nested inside "runtracklsq " so that 
the variables ai and a2 are shared between the two functions. The variables ai and a2 are 
initialized in "runtracklsq ". 
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The objective function "tracklsq "must run the simulation. The simulation can be 
run either in the base workspace or the current workspace, that is, the workspace of the 
function calling "sim ", which in this case is the workspace of "tracklsq ". In this example, 
the "simset" command is used to tell "sim " to run the simulation in the current workspace 
by setting 'SrcWorkspace' to 'Current'. A solver for "sim" can be also chosen using the 
"simset" function. The simulation is performed using a fixed-step fifth-order method to 
100 seconds. 
When the simulation is completed, the variables tout, xout, and yout are now in the 
current workspace (that is, the workspace of "tracklsq"). The "Outport" block in the 
block diagram model puts yout into the current workspace at the end of the simulation. 
When you run runtracklsq, the optimization gives the solution for the proportional, 
integral, and derivative (Kp, Kj, Kd) gains of the controller after 20 function evaluations. 
Iteration Func-count Residual Step-size derivative Lambda 
0 4 1.01742 
1 12 1.00068 1.55 -0.00303 1.00024 
2 20 1.00007 1.35 -8e-007 0.243569 
K p = 0.9236 
Ki= 0.1654 
Kd = -0.0095 
4.8 Processing Software 
The processing software which is written in the Lab View environment, receives 
the feedback signals from FSR and linear potentiometer (Figure 4.15). After filtering 
these signals and removing 60Hz noise, the force (F) and shaft position (Xr) are 
calculated in separate modules using relationships (4.3) and (4.4). Then the calculated 
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Figure 4.15. The flowchart of the processing software 
Having the dimensions of the material to be simulated, the stress is transformed to 
compression (Xd). Then the shaft position and desired compression (Xr and Xd) are fed 
to the PED controller. The output of the controller is finally transmitted to the output. 
Figure 4.16. Measured and calculated signals plotted on real time 
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Figure 4.16 shows these parameters which are plotted in Lab View. The force, 
shaft displacement, desired displacement, displacement error and the output are sketched 

























Figure 4.17. a) The block diagram of the completer system b) The block diagram 
simulated in the Lab View programming environment. 
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4.9 Experiments 
Different materials including elastomers (A2 (3/4nch), EVAQ/i inch), 
ICF400(linch), A2-FR((V4nch ) and Bl((V4nch)) and a hard material (Plexiglas) are 
selected to be simulated by the actuator. The strain-stress relations for these materials are 
shown in Figure 4.18. 
1 4 0 P , 1 1 1 , 
0 20 40 60 80 100 
Strain (mm/mm) 
Figure 4.18. The stress-strain curves for different materials 
To compare the performance of the proposed tactile display, the force-position relation 
for each simulated material is saved, plotted and compared to the force-position relation 
of the material. Each curve can be divided into two separate phases: loading and 
unloading. The loading phase starts when the finger makes contact to the shaft and 
applies force. As soon as the force is removed, the unloading phase is started. In this 
phase, the material with a speed which depends on the structure of the material, it returns 
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to its initial form. The softer the material, the return speed is slower. Figure 4.19 shows 
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Figure 4.19. The force-position relation for A2 (3/4") 
Figure 4.19 shows that during the loading phase, a small error exists between the 
simulated curve and the real curve. By selecting the optimum controller, the error is tried 
to be minimized. This error is larger in the unloading phase; however it is not very 
important. Because the unloading phase, both in elastomer and in linear actuator, starts 
when the finger separates from the surface of the object and the speed of unloading does 
not affect the sense of touch. 
4.10 Results and Discussion 
Figures 4.20, 4.21 and 4.22 show the loading and unloading phases for three other 
elastomers (EVA Vi inch, ICF400 linch, and Bl % inch). 
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Figure 4.20. The position-force curve of EVA elastomer and its simulated equivalent 
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Figure 4.22. The position-force curve of Bl elastomer and its simulated equivalent 
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The rate of applying force is also important in the feel of softness. As depicted in Figure 
4.23 the error is negligible when the force is applied slowly. However, when the force is 
applied suddenly, the error becomes larger. Figure 4.23 shows the real and desired force-
position curves for two different speeds. In the first cases the force is applied slowly and 
in the second case it is applied abruptly. The error in the first case is much less than the 
other second case. When the finger touches an object for softness recognition, it usually 
applies the force slowly. So the error would be negligible. 
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Figure 4.23. The effect of the force rate on the error 
To evaluate the efficiency of the tactile display, an experiment is conducted. In 
the experiment, an observer touches 4 elastomer materials with finger. Then she/he 
touches the linear actuator and determines which elastomer its softness is similar to. For 
each person the experiment repeated for all of the four simulated materials. The setup 
which is used for testing the volunteers is used in Figure 4.24. 
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Figure 4.24. The setup of the experiment 
To remove the effect of visual feedback, the setup is covered and the volunteer cannot see 
the materials. In the first experiment four different materials (ICF-400, A2, Bl, and 
Plexiglas (Young modulus =1.2GPa) are simulated by the tactile display. The volunteer 
touches the materials and finally decides which one of the objects has similar softness 
with the display. Totally, 25 persons participated in the experiment. All of the 
participants successfully distinguished the simulated elastomer (Table 4.2). 

















In the second experiment two materials with very similar mechanical properties 
(H1N and ICF-400) are simulated by the display (Table 4.3). The results of the 
simulation show some errors in recognition. 
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The reason is that distinguishing these two materials even with finger touch is 
difficult specially without visual feedback it is very difficult. Figure 4.25 show that the 
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Figure 4.25. The material properties of the elastomers for the second experiment 
4.11 Summary and Conclusion 
A system for displaying the softness of different materials has been presented. 
The proposed system is comprised of a linear actuator, a force sensor, data acquisition 
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card and processing software. The system potentially could be used for telerobotic 
surgery and virtual reality. 
Initially, the mechanical properties of the materials are characterized using 
mechanical compression tests. These data are saved and used by the processing software 
for reproducing the same properties by the tactile display. Having the dimension of the 
area over which the force is applied, these stress-strain data can be transformed to force-
compression which is used by the processing software to actuate the display. The data are 
saved in lookup table in the processing software. 
The processing software gathers information from the applied force to the shaft of 
a linear actuator and the position of the shaft. Having this information and using the 
lookup table, the response of the material to the applied force is extracted from the table 
and used as the input to a PID controller which prepares necessary commands to the 
linear actuator to move the shaft. 
Experiments on the tactile display were conducted by human subjects and the 
results were registered. Different materials were simulated by the tactile display and 
compared to the real objects. The results showed that the developed tactile display can 
replicate the softness of materials very closely. It is proved to be a feasible technique 
with great potential use in robotic surgery and Minimally Invasive Surgery (MIS). 
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CHAPTER 5 
SOFTNESS DETECTION USING SENSORIZED 
GRASPERS 
In the MIS graspers, the information about the amplitude, waveform and frequency 
content of the load transferred to soft object is important in performing experimental 
tests. In addition, the response of all smart endoscopic graspers (MIS graspers equipped 
with tactile sensors) depends on the behavior and softness of the grasped object. To the 
best of authors' knowledge, no comprehensive work on the interaction between the soft 
tissue and the grasper is reported. This chapter investigates the characteristics of the 
dynamic load which is experienced by the soft object in a grasping action. The objective 
of the research is to obtain the profile of the load versus the time for the use in finite 
element analysis as well as experiments on the fabricated smart endoscopic graspers. A 
novel smart laparoscopic grasper is also presented and tested. The proposed smart grasper 
determines the softness of the grasped objects by measuring the grasper jaws angle and 
the force applied by the surgeon's hand. 
5.1 Problem Definition 
After the sensor is manufactured, in experimental testing stage of smart endoscopic 
graspers and to characterize and calibrate, we require applying dynamic forces to the 
sensorized graspers. These forces should be similar to the real forces that the grasped soft 
objects experience. But the question is that what these force profiles look like? Although 
the amplitude and the profile of the force depend on the geometry of the endoscopic 
grasper to some extent, we paid more attention to the influence of the soft object on the 
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grasper-object interaction in a typical MIS grasper. In the absence of the soft tissue, the 
elastomeric materials, which exhibit many of complexities of soft materials (e.g., material 
nonlinearity, and viscoelasticity), were tested. Figure 5.1 shows a typical grasper and the 
grasped soft object (i.e., elastomeric material). As shown in this figure, a force sensor 
was also used to measure the average force transmitted to the grasped object. 
Figure 5.1. A typical grasper, an elastomeric material, and an FSR sensor. 
5.2 Method 
To measure the force experienced by the grasped object, a suitable force sensor was 
selected and inserted inside the grasped material. The selected sensor was very small in 
size, thin and flexible to minimize any unwanted effects caused by the sensor itself. The 
force sensitive resistor (FSR) sensor from Interlink Electronics is in fact a piezoresistive 
sensor in which the resistance is inversely proportional to the force applied to its surface. 
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For the experiments, as shown in Figure 5.2, an endoscopic grasper was equipped with 
three sensors; a potentiometer to measure the grasper jaws angle, a force sensor to 
measure the force applied by the hand to the grasper handle, and a force sensor inserted 
inside the test materials to measure the force applied to the material. 
Figure 5.2. A picture taken from endoscopic grasper equipped with two FSR sensors and a 
linear potentiometer. 
Two FSRs are used in the experiments. The first FSR is placed inside the grasped object 
(Figure 5.1), while the second FSR is placed on the handle of the grasper and measures 
the force applied by the hand to the grasper (Figure 5.2). The signals from the force 
sensors (Voi and Vo2), the signal from the potentiometer (Vp) and the supply voltage 
(V1-) were fed into the data acquisition card. 
To examine the linearity of the FSR sensor and to obtain its calibration curve, an electric 
circuit as shown in Figure 5.3, was used. 
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Figure 5.3. The electric circuit used for calibration and subsequent experiments. 
The relationship between FSR conductance and the measured voltage, can be found in a 
similar manner to equation 4.2: 
1




where, r is the variable resistance of FSR (force-dependent), R is a known biasing resistor 
(constant); V4" is the known voltage of an external power supply. The symbol Vo 
represents the FSR voltage outputs. The signals from the FSR force sensors at the handle 
and tip of the grasper are denoted by Voi and V02, respectively. At the calibration step, 
by applying different standard forces ranged from 1 N to 9 N on FSR, nine data points as 
shown in Figure 5.4 were obtained. It was evident from the measured points that the 
force-conductance relationship of the FSR can be approximated by a line. The following 
expression was the result of a least square regression method. 
C = - = a.f+b 















Figure 5.4. The conductance of the FSR versus applied force. A line was fitted to the 
measured data using least square fitting method. 
As explained in section 4.3, the voltage- force relationship can be expressed as: 
1 / = b_ 
a 
(5.3) 
Using relation (5.3), the real applied force to the grasped objects can be found. As shown 
in Figure 5.2, a data acquisition system (DAQ) was used to analyze and record the 
measured data. 
Figure 5.5 demonstrates the major blocks developed in LabView. The processing 
software calculated the applied force to the grasped object (using relationship 3), the 
handle and the angle of jaws. 
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Figure 5.5. The block diagram of the program developed in Labview. 
5.3 Experiments 
To investigate the profile of the load transferred to different soft materials, initially 
several soft materials were prepared and their softness were measured using industrial 
durometers. The materials and their corresponding softness are presented in Table 5.1. 
The first four materials (supplied by 3M) are considered as very soft to soft materials. 
These materials were tested using durometer Shore 0 0 which is suitable for very soft 
materials including soft tissue. The other four materials were different silicone rubbers 
selected from the standard type A (Shore A) test block kit (ASTM D2240, Instron Co.). 
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7 (Shore 0 0 ) 
10 (Shore 0 0 ) 
45 (Shore 0 0 ) 
63 (Shore 0 0 ) 
32 (Shore A) 
52 (Shore A) 
71 (Shore A) 
89 (Shore A) 
It should be noted that the materials are sorted from soft to hard (i.e., ICF 400 is the 
softest material in this group). The materials then were tested using the equipped grasper 
while an FSR sensor was inserted into the grasped object. 
Figure 5.6. Samples of the recorded data. The angle of the grasper and registered pressure 
applied to the grasped soft object are shown. The pressure is expressed in kPa. 
Having the force applied to the object and the dimensions of the force sensor, the 
average pressure was calculated. These parameters are then plotted in time domain. 
Figure 5.6 shows a sample of the plotted parameters. 
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The processing software also calculates and plots the relationship between the applied 
force and the jaws angle. Figure 5.7 shows the force-angle curve for an elastomer. 
B3 {1/2 inches) 
T 1 1 1 ~ — r 
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Figure 5.7. Force-angle curve for an elastomer (B3 lA inches) 
5.3.1 Loading vs. Unloading 
Two separate phases can be seen in this curve. In the first phase (loading), the 
open grasper jaws start closing and simultaneously apply pressure on the material. The 
second phase (unloading) begins when the jaws start opening. In this phase the applied 
pressure is small. Most of the information of the material properties is in the first phase. 
The form of this graph depends on the properties of the test material and can give 











also an important parameter which can change the force-angle curve. However, in this 
research work we tried to use similar grasping speed for all test materials. 
5.3.2 Energy and steepness 
To distinguish force-angle curves of different materials, a criterion is required. In 









Figure 5.8. a) Force angle curve for a silicone rubber b) average steepness c) energy 
The energy of the angle-force curve shown in Figure 5.8-a is defined as the 
surface surrounded by loading curve and the angle axis from the beginning of the loading 
phase to angle in which the energy is measured. The steepness is the slope of the angle 
force curve averaged over the angle axis, again from the beginning of the loading phase 
to the measuring angle. For example the steepness at 40 degrees is the slope averaged 
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from 50 degrees (the beginning of the loading phase) to 40 degrees. Figure 5.8 shows the 
experiment results for a silicone rubber. In Figure 5.8-b the steepness is plotted. Figure 
5.8-c shows the energy. To compare the softness of the grasped objects, the engery or 
steepness of the obejct are compared in an arbitrary angle. 
5.3.3 Calibrating the Grasper 
The MIS grapser has several mechanical connections. These connections produce 
friction. The force which is used to overcome the frictions, can cause error in determining 
the softness of the objects, specially when the objects are soft. Because grabing soft 
objects need small amount of force which is comparable with the friction force. 
0 20 40 60 
Angle (degrees) 
80 
Figure 5.9. Experimental force-angle curve data for an empty grasper 
Figure 5.9 shows the experimental force-angle curve data for an empty grapser. Both 
loading and unloading phase are shown in this figure. When an object is grabed by the 
grasper, to minimize the effect of the frictions, this extra force must be subtracted from 
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the real force applying to an object. To do so, a fomula is required to calculate the friction 
force in each angle. To find the formula, using least square error method, a curve is fitted 
on the experimental data. 
Curve fitting on experimental data for empty grasper 
10 20 30 40 50 60 70 80 
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Figure 5.10 . Experimental data of several consecutive loading curves and the fitted curve 
Figure 5.10 shows the experimetal data of several consequtive loading curve. The 
following forth order curve is fitted to the experimental data: 
/ = 6.9xl(T704-1.581(r46>3+1.31 \O~202- 0.470 + 6.11 (54> 
The result of subtracting the friction force is shown in Figure 5.11. Figure 5.11-a shown a 
grasping action for the empty grasper. Figure 5.11-b shows the calculated force using 
relationship 5.4. Figure 5.11-c shows the compensated curve. In this figure it is shown 
that the effect of friction force is completely removed. 
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Figure 5.11. Subtracting the friction: a) grasping action for an empty grasper, b) calculated 
force using curve fitting formula, c) the compensated curve 
5.4 Results and Discussion 
The registered pressures which are transmitted to different soft materials are shown in 
Figure 5.12. As mentioned before, ICF400 (Figure 5.12-a) is very soft and silicone 
rubber-2 (blue) (Figure 5.12-e) is the hardest in this group. It can be concluded from 
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Figure 5.12 that as the material becomes harder, the transferred pressure to the material 
becomes larger. 
Figure 5.12. The force profile for five different soft materials: a) ICF400, b)A2FR, C)H1N, 
d) Silicone rubber-1, and e) Silicone rubber -2 
For example, in ICF400 (with a softness of 7 in Shore 0 0 ) the maximum transferred 
pressure is 200kPa, and for silicone rubber-2 (with a softness of 60 in Shore A) the 
maximum pressure is more than 600kPa. 
Another important conclusion drawn from Figure 5.12 is that the waveform of the 
transferred pressure also depends on the softness of the grasped material. For the soft 
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materials, the pressure has a half sinusoidal form. For the harder materials the pressure 
appears more like a pulse wave. 
These force profiles can be associated with the response of soft materials in 
grasping in low frequencies. When a soft material is grasped, it is gradually compressed 
and the resistance against compression is increasing correspondingly. When the grasper 
starts to open, due to the same spring action, the soft material starts to expand so that it 
maintains its contact with the grasper jaws. This causes a smooth rise and fall in the 
force profile which is similar to a sinusoidal wave. In fact the frequency content of the 
force profile also shows that this force profile can be approximated with a sinusoidal 
wave. On the other hand, in the hard material grasping, once the grasper touches the 
object, the force soars rapidly without significantly changing the grasper angle. In the 
opening stage, due to the rigidity of the grasped object, the grasper is detached from the 
object quickly. This behavior causes a force profile which can be approximated by a 
pulse wave. This conclusion is particularly important for the experimental tests on smart 
graspers. This result confirms that the selection of sinusoidal waveform to test the 
fabricated MIS tactile sensor is the best alternative in a laboratory test setup. It is always 
argued that the surgeon does not apply the force to the grasper in a sinusoidal wave and 
the experiments using this waveform are questionable. But the latter conclusion shows 
that even if the surgeon does not apply the force in a sinusoidal wave, for the soft 
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Figure 5.13. The force-angle curve for a) ICF400, EVA, B3, A2 
b)silicone rubbers (white, orange, blue) 
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The force-angle curves, Figure 5.13-a and 5.13-b, demonstrate the force-angle 
relationship for different materials. In these graphs, the force represents the load that is 
applied to the handle of the grasper and angle is the angle between the grasper jaws. 
From Figure 5.13 it is found that in the loading phase of the curves, the average slope of 
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Figure 5.14. The force-angle curve. Energy and steepness measured at 45 degrees, b) energy 
c) steepness 
For softer materials the average slope is smaller than that of the harder materials. Figure 
A, 5.14 shows the energy and steepness for four elastomers. Both energy (E = 2_,F(6)A0) 
and steepness (S = — ^ — — ) criteria plotted in Figures 5.14-b and 5.14-
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can easily be used to arrange the softness of these materials. It is evident that EVA, H1N, 
A2FR and ICF400 are arranged from hard to soft. Figure 5.15 shows the force-angle 
curves for the same materials, but the angle on which the energy and steepness are 
calculated based is 25 degrees. It shows that the result of applying the criteria is 
independent of the angle to which the criteria are applied. 
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Figure 5.15. a) The force-angle curve. Energy and steepness measured at 45 degrees, b) 
energy c) steepness 
Finally Figure 5.16 shows the force-angle curve of four silicone rubber samples. Figure 
5.16-b and 5.16-c shows the energy and steepness of the curves and still it is possible to 







Figure 5.16 . a) Force angle curve for silicone rubbers b) energy) c) steepness 
5.5 Summary and Conclusions 
A system for characterization of force applied from the grasper jaws to the grasped 
objects is presented and corresponding experiments are performed. The proposed system 
is comprised of an endoscopic grasper equipped with force sensors, a potentiometer for 
measuring the jaws angle, and a signal processing unit. It is shown that this system 
potentially can be used for softness characterization of the grasped tissue in a 
laparoscopic surgery. 
The test materials include three elastomers and two silicone rubbers. The experiment 
results show that for the soft materials the transferred force from the grasper to the 
material is sinusoidal. As the material becomes harder, the pressure waveform changes 
from sinus to pulse. Another conclusion is drawn that for harder materials the applied 
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load to the object becomes larger. Finally using the force-angle graphs plotted for the test 
materials, it is shown that the grasped materials can be differentiated from each other 
based on their softness. 
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CHAPTER 6 
SUMMARY, CONCLUSIONS AND FURTHER WORKS 
This Chapter concludes the thesis by providing a summary of results obtained in 
the preceding chapters, a description of the major contributions and conclusions drawn 
from those results, and suggestions of areas for future work. 
6.1 Summary of Contributions 
Research work is summarized as follows: 
1. The fabricated array of sensors is integrated into the jaws of a laparoscopic 
grasper. 
2. The feedback system and electric circuitry are designed and fabricated to transmit 
the signals from the sensor array to the DAQ. 
3. The design and development of algorithms and software, which processes the 
sensor signals, is converted into color coded visual softness data that the surgeon 
views on a monitor. The visual display transfers the softness information to the 
surgeon in real time and is easily interpreted. 
4. The developed visual softness representation system is calibrated and tested with 
different materials and elastomers. 
5. The visual softness information is accompanied with a color-scale which can give 
the softness value in the scale of Shore to the surgeon 
6. The sensor array for detecting embedded lumps within the soft tissue has been 
designed and fabricated. 
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7. Software has been designed and developed which processes signals from any 
lump detection array and produces a singular and two-dimensional image from 
within that tissue. 
8. A physical softness tactile display, using linear actuator capable of reproducing 
the material characteristics of different materials, has been produced and a 
working sample fabricated. 
9. The physical tactile display can successfully simulate the nonlinear characteristic 
curve of different material and simulate the same softness. 
10. The force profile within the grasped objects in a laparoscopic grasper has been 
measured and characterized. This force profile is then related to the softness of the 
grasped object. 
11. The laparoscopic grasper for soft objects has a very similar profile to a half 
sinusoidal signal and, for hard materials, is similar to a pulse. 
12. A new tactile sensing system has been designed and developed integrated on the 
laparoscopic grasper that is capable of dynamically measuring the softness of 
grasped objects and applied force by the surgeon. 
6.2 Conclusion 
This thesis has described new methods of tactile display and sensing for MIS 
operation, teleoperation and robotic surgery. A visual tactile display shows the softness of 
the objects, the presence of the embedded lumps within the soft tissue, and its location 
and approximate size. A physical softness display capable of reproducing the 
characteristics of different materials was also presented. Finally, a tactile sensor was 
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developed specifically to measure local softness of the grasped tissue. Concepts for both 
display and sensor devices have been validated, in conjunction with initial experiments, 
that clearly show their potential and has shed new light on the softness transmission in 
teleoperation and robotic surgery. 
6.3 Improvements and Extensions 
As with most designs, one learns a great deal from each generation of prototypes. 
The devices presented in this thesis have evolved considerably since their conception. 
However, it is clear that many improvements can still be made and the following 
subsections outline suggested improvements and possible future work in these areas. 
6.3.1 Visual Tactile Display 
Increasing the number of sensors in an array improves the resolution of the 
display. When adding a PVDF layer underneath the sensor arrays, the force applied by 
the grasper under each sensor can be measured and the pressure distribution on both sides 
of the grasper jaws will be displayed in the visual display. It helps in measuring the force 
that is being applied to the tissue which is an important parameter for the surgeon. 
6.3.2 Lumps Detection and Display 
As the resolution of the lump display increases, estimating the size and exact 
location of the lump becomes more exacting. Therefore, to further enhance the resolution, 
it is necessary to add to the number of elements in the sensor array which is possible only 
by reducing the size of each sensor element. Microfabricating the sensor can be a solution 
to the problem. 
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Software can be developed to measure and automatically identify the size of 
embedded lumps in order to make it easier for the surgeon to recognize its existence. 
Estimating the softness of an embedded lump is also proposed which can give important 
information about the lump to the surgeon. 
6.3.3 Physical Tactile Display 
In order to feel the softness of a surface, the physical tactile display should be 
expanded to an array of at least 5x5. The errors can be significantly reduced by replacing 
the linear actuator with one of higher speed in order to increase the similarity in 
simulating softness. 
6.3.4 Sensorized Endoscopic Grasper 
A force sensor can be incorporated in the central bar of the laparoscopic grasper 
to measure the total force applied by the surgeon to the tissue. A higher quality force 
sensor can be replaced the FSR to increase the accuracy of the force measurement. 
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APPENDIX A 
SPECIFICATIONS OF THE LINEAER ACTUATOR 




















2 kQ linear potentiometer 
1% 
75 g 
-10 to+50 °C 
100,000 cycles 
Wiring Dimensions imm) 1:2.5 
Figure A.l. The dimensions, load curve, and the electrical diagram of the actuator. 
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APPENDIX B 
FORCE SENSITIVE RESISTOR 
FLEXIBLE SUBSTRATE WITH ^ 
PRINTED SEMI-CONDUCTOR W 
SPACER ADHESIVE ^ 
FLEXIBLE SUBSTRATE WITH PRINTED ^ 
INTERDIGITATING ELECTRODES W 
Figure B.l. The structure of the sensor and its different components 
The force vs. resistance characteristic shown in Figure B.2 provides an overview 
of FSR typical response behavior. For interpretational convenience, the force vs. 
resistance data is plotted on a log/log format. These data are representative of a typical 
device, with this particular force-resistance characteristic being the response of 
evaluation part (0.5" [12.7 mm] diameter circular active area). In general, FSR response 
approximately follows an inverse power-law characteristic (roughly 1/R). Referring to 
Figure B.2, at the low force end of the force-resistance characteristic, a switch like 
response is evident. This turn-on threshold, or 'break force", that swings the resistance 
from greater than 100 \£l to about 10 kQ (the beginning of the dynamic range that 
follows a power-law) is determined by the substrate and overlay thickness and flexibility, 
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size and shape of the actuator, and spacer-adhesive thickness (the gap between the facing 
conductive elements). 
10 100 1000 
FORCE (g) 
10000 2000 4000 6000 8000 10000 
FORCE (g) 
Figure B.2 . The force-resistance curve for FSR 
At the high force end of the dynamic range, the response deviates from the power-
law behavior, and eventually saturates to a point where increases in force yield little or no 
decrease in resistance. Under these conditions of Figure B.2, this saturation force is 
beyond 10 kg. 
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APPENDIX C 
IDENTIFYING A SYSTEM FROM THE BODE PLOT 
The general form of a second order system is: 
G W =-J—*?£—j-
s +2£cons + G>„ 
DC GAIN - The DC Gain of a system can be calculated from the magnitude of the bode 
plot when s=0. 
DCGain = 10M(0)/20 
NATURAL FREQUENCY - The natural frequency of a second order system occurs 
when the phase of the response is -90 degrees relative to the phase of the input. 
(0n = C0.go° 
where GX90= is the frequency at which the phase plot is at -90 degrees. 
DAMPING RATIO - The damping ratio of a system can be found with the DC Gain and the 
magnitude of the bode plot when the phase plot is -90 degrees. 
C = K/(2*10(M-go°/20)) 
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APPENDIX D 
MATLAB CODE FOR PID OPTIMIZATION 
function [Kp,Ki,Kd] = runm %runtracklsq 
% RUNTRACKLSQ demonstrates using LSQNONLIN with Simulink. 
runm %model1 %optsim % Load the model 
pidO = [0.91 0.105 0.1]; % Set initial values 
a1 = 21.3; a2 = 1; % Initialize plant variables in model 
options = optimset('l_argeScale', 'off /Display', 'iter',... 
TolX',0.001 ,'TolFun',0.001); 
pid = lsqnonlin(@tracklsq, pidO, [], [], options); 
Kp = pid(1); Ki = pid(2); Kd = pid(3); 
function F = tracklsq(pid) 
% Track the output of optsim to a signal of 1 
% Variables a1 and a2 are needed by the model optsim. 
% They are shared with RUNTRACKLSQ so do not need to be 
% redefined here. 
Kp = pid(1); 
Ki = pid(2); 
Kd = pid(3); 
% Compute function value 
simopt = simset('solver','ode14x','SrcWorkspace','Current'); 
% Initialize sim options 
[tout,xout,yout] = sim('runm',[0 10],simopt); 
F = yout-1 ; 
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end 
Kp = pid(1) 
Ki = pid(2) 
Kd = pid(3) 
%model1 
end 
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